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ABSTRACT , 

This research is a study of the performance of U.S. Amy voice 

circuits in the transitional DoD telecommunications system of the 1980's. 

Transmission, switching, and user terminal facilities will be converted 

from analog to digital operation during the next two decades.   Voice 

circuits during the transition will be composed of various tandem (series) 

connections of pulse code modulation (KM), continuously variable slope 

delta (CVSD) and vocoder links. 

The purpose of the research is to determine if the system design 

for the 1980*s results in isolated pairs of users.   The approach is    to 

examine the technical characteristics of digital.voice links, to.consider 

the system plans of the Services and DoD Agencies, to evaluate the mode 

of interoperability at the boundaries which join the several regions of 

the overall DoD system, and to analyze the signal-to-noise ratio (SNR) 

performance of tandem-link circuits within the U.S. Army system. 

The study concludes that some isolated pairs of users will exist 

in the transitional system, but the occurrence of isolated pairs of users 

may be minimized by providing digital transmission paths to directly inter- 

connect communities of 16 kB/s subscribers.   The system designs for the 

U.S. Army System and the overall DoD System include workable interoper- 

ability solutions.   By managing the transition in an enlightened manner, 

the reliability of secure voice communications may be enhanced and the 

operational capability to satisfy new data communications needlines may 

be increased. 

The principal recommendation of the study is that the occurrence • 

of tandeming of voice links should be minimized. 
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AIIALOG AIID DIGITAL VOICE COKHUITICATIG; 

The research reported in this thesis is directed toward the 

broad goal of improving U.S. Army voice communications systems. DoD 

communicctions systems are "beginning an evolutionary transition fron 

predominately analog systems to predominately digital systems. The 

goals include economy, widespread security, and expanded capability 

to meet the growing data communications needs. The transition is 

conceived as evolutionary change over a span of two decades, üut 

the transition involves revolutionary charge in system design, doc- 

trine, .and operational concepts. 

The employment of communications circuits that c.re tandem 

connections of digital voice links (i.e., series links) is essential 

to maintain continuity of user services during the transition. But 

the engineering analytical and experimental basis for design of a 

network with flexible use of tandem links in various circuit paths is 

incomplete. The tandem links in a "circuit chain" during the lQSO's 

include analog links, and the following digital links which employ 

digital voice converters: (l) pulse code modulation,  (2) delta 

modulation, and (3) vocoder links. (The vocoder, voice-coder, is 

the common name for digital voice converters that gain transmission 

economy by decomposing speech into excitation and vocal-tract com- 

ponents.) 

In Chapter 1 we consider some technical aspects of voice 

communications to establish the basis for the system level problem 



of tandem links.    The nature of the speech signal is discussed and methods 

of analog and digital transmission are surveyed. 

In Chapter 2 we review the importance of secure voice service as a 

capability of JDoD systems and summarize the planning-context and tandem-link 

aspects of the transition to a digital system.   A comparison of the perfor- 

mance of digital and analog voice links leads to an expanded statement of 

the key problem that is the focus of this research.    The purpose of this 

research is to determine if the U.S. Army tactical communications system 

design for the 1980's includes isolated subscribers.   The focus of the 

study is the performance of voice circuits of digital voice links connected 

in series. 

In Chapter 3 we examine the digital, communications system plans of 

the U.S. Army and other mutually-dependent segments of the total DoD system. 

The discussion includes an examination of the THI-TAC Architecture,    the 

Integrated Tactical Communications Systems (INTACS) Study, and other sys- 

tems such as the World Wide Military Command and Control System (WWMCCS), 

the Defense Communications System (DCS), and the U.S. Navy System. 

An analysis of interoperability between systems in the DoD leads 

to the broad conclusion that the overall system is converging toward a com- 

mon target.   No serious limitation of operational capability is inherent in 

the system level designs.   Suitable interoperability solutions are being 

planned. 

In Chapter 4 we examine a model of the I980*s transitional system 

in more detail, to include tandem links internal to the U.S. Army portion' 

of the system.   The available experimental and analytical results which 

describe the performance of digital voice links are surveyed.   An analysis 

is performed to estimate the signal to noise ratio (SNR) performance of 



tactical circuits of up to five tandem links. 

In Chapter 5 the conclusions and recommendations of the study are 

given.   The study concludes that some isolated pairs of users will exist 

in the transitional system of the 1980's, hut the occurrence of isolated 

pairs of subscribers may be minimized by providing digital transmission 

paths to directly interconnect communities of 16 kB/s users.   The system 

designs for the U.S. Army System and the overall DoD System include work- 

able interoperability solutions.   By managing the transition in an   en- 

lightened manner, the reliability of secure voice communications may be 

enhanced and the operational capability to satisfy new data communications 

needlines may be increased.   Chapter 5 includes a brief summary of the 

study. 

PROTECTIVE MARKING 

The "For Official Use Only" protective marking on the pages of 

this thesis is applied due to the protective markings on six of the refer- 

ences cited.   In particular the Bibliography entries numbered 5, 8, 20, 26, 

2?, and 28 possess protective markings.    No protective marking is applied 

to the Abstract on page iii.    (The Abstract is approved for public release; 

distribution unlimited.) 
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INTBQDUCTIÖN 

In this Initial chapter we examine the technical characteris- 

tics of various analog and digital voice links that Hill he employed 

in future systems.   The nature of the voice signal is addressed in the 

first section by examining speech production, a simple model, and spec- 

trum analysis.   Analog transmission is the topic of the second section. 

The -third and most important section reports an examination of 

digital transmission of speech.   Pulse code modulation (KM), delta 

modulation (DM), and the vocoder are considered.   The chapter concludes 

with a summary. 

NATURE CF THE VOICE SIGNAL 1 

The purpose of a voice communication system is to convey the 

voice signal from subscriber-to-subscriber in such a manner that the 

listener may understand the spoken words and perceive the subjective 

quality of the talker's speech.2    The thrust of voice communications 

system planning is to devise and implement efficient methods to convey 

an intelligible representation of the voice signal.    For these reasons, 

our study begins with an examination of the nature of the voice signal. 

STteech Production 3 

The human voice signal is an acoustic waveform produced by the 

interaction of the articulation of the vocal tract with the excitation 

of rushing air from the lungs.   We examine the distinct functions of 

excitation and vocal-tract articulation to seek insight Into the nature 

of the voice signal. 

Excitation.    Human speech originates in the larynx — a box- 

like structure of cartilage at the upper end of the trachea.   The larynxx 



t u 
houses two lips of ligament and muscle called the vocal cords,    The 

opening between the vocal cords is called the glottis. 

Voiced speech is produced "by forcing air through the glottis 

while ths vocal cords are held under tension.   The glottis vibrates 

open and shut generating a quasi-periodic flow of air — a pulse train 

acoustic time 7?unction rich in harmonics.   The fundamental frequency 

of the vocal cord oscillation is called the voice pitch. 

Unvoiced speech is produced "by a turbulent flow of air past a 

constriction in the vocal tract,   or by a release of pressure at some 

point of closure in the tract.    Unvoiced excitation is an acoustic 

noise source, a signal Kith a broad spectrum» 

The "a" in the word "father" is an example of voiced speech. 

The V in the word "see" is unvoiced.    Several sounds are generated 

with a combination of both voiced and unvoiced excitation? an example 

is the V in "zoo." 

A key observation about the excitation signal is that it is 

broad-band.   That is,  the signal has energy spread over a wide interval 

of frequency.    The Fourier amplitude spectrum of the excitation signal 

would reveal a spread of energy from less than 100 Hz to more than 10 kHz, 

The broad-band excitation signal may be compared to the  carrier 

signal in radio communication.    In raclio,  the message is modulated onto 

the carrier.    In human speech,   the message is imposed upon the excita- 

tion signal by the articulation of the vocal tract. 

Vocal tract. The message the talker wants to  convey is imposed 

on the excitation signal by the changes in position of the tongue, lips, 

and other moving parts of the tract,    These moving parts are called ar- 

ticulators and their activity in creating the spoken language is called 

articulation.   During articulation the vocal cavity assumes different 

■■pai>', ***"!** ntnu VIM** n*tini 
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positions causing resonances in the tract which alter the spectrum of 

the excitation signal.    Thus, the differences between sounds perceived 

by a human listener depend upon both the excitation and vocal-tract 

articulation of the talker.    The different sounds of speech are called 

phonemes. 

Phonemes.    The phoneme is the smallest unit of speech that dis- 

tinguishes one utterance from another.    General American English has 

about 42 phonemes.    ¥e may think of the set of phonemes as a code,   un- 

iquely related to the articulatory gestures of the language. 

The vowel sounds of speech are produced by voiced excitation 

of the vocal tract (e.g., the "a" in "father"),   In normal articulat- 

ion the tract is held in a relatively stable position during the pro- 

duction of a vowel sound.    Vowels usually have a duration of 6o to 200 

msec.    The vowel phonemes may be uttered as sustained sounds, requiring 

no articulatory motion. 

Aside from the vowels, the remaining phonemes are referred to 

as consonants, some of which are more transitory in nature.    Fricative 

consonants are produced by noise-like excitation of the vocal tract 

caused by turbulent air flow at a constriction.   The vocal-cord source 

may operate in conjunction with the noise source to produce a voiced 

fricative (e.g., the "z" in "zoo"). 

Stop consonants are produced by the abrupt release of pressure 

at a place of closure in the tract (e.g., the "t" in "to").   The arti- 

culatory movements which generate stop consonants are more rapid than 

for other sounds.    Stops may be voiced or unvoiced.   . 

The remaining consonants are classified as nasals, glides,  semi- 

vowels, diphthongs, and affricates*   Further insight into the nature 

of vowels and consonants may be gained by examining typical waveforms. 
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Typical waveforms.    The waveforms of two phonemes (spoken by 

a feirale talker) are shown in Figure 1.    Each plot illustrates the 

waveform of a 51.2 msec segment of conversational speech.   The scale 

on the abscissa is 12 msec/inch,  and scale marks are spaced at 5 msec 

intervals.    The stop consonant "t" in "Gift is" is shown in Part (a). 

The closure  portion of the "t" lasts about 40 msec.    The silence of clo- 

sure is followed by a burst,  signaling the release of pressure at the 

closure.    The burst response decays with roughly exponential envelope 

to a lot-; level aspirated noise.     (To aspira-te is to pronounce with a 

breathing,   as in the fricative "h" in "he".)   The burst decays in  10 

msec, while the following aspiration lasts about 20 msec before the 

buildup of the vowel "i" in "gift is".   A 51.2 msec segment of the vo- 

wel "i" is shown in Part (b).   The last 5 msec of the aspirated noise 

is displayed at the extreme left.    Voicing begins with a pitch of ap- 

proximately 135 Kz, and within about 15 msec the waveform displays the 

stationary character of a sustained vowel.    The maximum amplitude  of 

the vowel in Part (b) is five times that of the stop consonant in 

Part (a). ^  . 

Notice the noise-like nature of the unvoiced stop consonant in 

Part (a).     In contrast, the vowel in Part (b) is stationary over an in- 

terval, and is almost periodic.    The periodic segments repeat at 5.4 

msec intervals.    (The reciprocal of the 5A msec pulse interval yields 

the pitch frequency,  185 Hz.) 

In summary, we conclude that excitation and vocal tract articu- 

lation are the two distinct functions in the production of human  speech. 

This simple view of speech production motivates a model that is widely 

used in analysis - synthesis devices which communicate the human voice 

signal in an efficient manner, 

I'M 
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(a) 

«2 ms 
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Figure 1.   Typical Speech Waveforns   (Female lallcer) 

(a) The Stop Consonant Mt" in "gift is, 

(b) The Vowel "1" In "gift iew 
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The Simplified Model 

The speech waveform may be decomposed into excitation and vocal 

tract components.    Such decomposition is the central strategy of nearly 

ever)' speech analysis-synthesis system,    The strategy was conceived oy 

Homer Dudley at the Bell Telephone laboratories and incorporated into 

his invention of the channel vocoder in 1939.  *   Speech "bandwidth reduc- 

tion (or data rate reduction) research during the last three decades 

has been dominated "by the intuitive strategy pioneered by Dudley, 

The speech signal may be viewed as a response of a linear sys- 

tem (the vocal tract "filter") to one or more sound sources (i.e., the 

excitation). This stateraent is the essence of the acoustic theory of 

speech production described by Gunnar Fant. ° During a voiced sound, 

a periodic pulse-train excitation signal e(t) is the input to the lin- 

ear time-invarieht vocal-tract filter which has impulse response v(t). 

The resulting speech waveform s(t) is the convolution of e(t) with v(t). ? 

sit) = eft) <s> vft) * f eCr) v6-r) Jy 

In this simplified model,  unvoiced sounds are assumed to be 

produced in the same fashion, except that e(t) is considered to have 

the character of stationary random-noise. 

The word "stationary" applies to the three assumptions of the 

model:    (1) V(t) is the impulse response of a time-invarient filter 

(i.e., the articulators are not moving); (2) For unvoiced sounds, e(t) 

is considered to be a stationary random process? (3) For voiced sounds, 

e(t) is periodic. 

The articulatory gestures in speech production are relatively 
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slow -- compared to a .pitch period — so we may think of the speech 

waveform as being constructed of short segments, each segment corres- 

ponding, to a fixed vocal-tract configuration.    The motion of the arti- 

culators is continuous,  so the simplified model may be used for success- 

ive short segments during which only incremental movement of the tract 

occurs. 

The simplified model of speech production is illustrated in 

Figure 2.    Typical waveforms for e(t), V*(t),  and s(t) for voice speech 

are sketched at top of Figure 2.    The corresponding amplitude spectra 

I E(f)| , \v(t)\ , and   |s(f}|  are sketched at the bottom of Figure 2. 8 

Notice that the interval between pulses in e(t) is the pitch period,!^ , 9 

The linos in the spectrum E(f) are spaced 1/|», representing the funda- 

mental pitch frequency and the set of harmonic frequencies. l0 

Decomposition of speech into excitation and vocal tract compon- 

ents using the simplified model is  the key feature of that class of 

analysis-synthesis systans  known as vocoders.    We return to the subject 

of analysis-synthesis in a subsequent section. 

Another description of the strategy of the vocoder is that it 

attempts to preserve the short-time spectrum of the speech signal.    We 

examine the short-time spectrum in the next section. 

Spectrum Analysis of Speech 

The traditional tool for spectrum analysis of signals and linear 

systems is the Fourier transform pair. 

J -B0 

The speech signal, however,  is not known over all time.    In ad- 

dition, delay in excess of several hundred milliseconds is not tolerable 

HIMtY 
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in vcice communications.    Furthermore,   the stationary assumptions of 

the simplified r.iodel are only valid over short segments of the speech 

signal.   For these reasons,   the Fourier transform of equation (1-2) must 

be modified. 

Short-time spectrum.   For speech we desire a frequency repre- 

sentation which puts in evidence the spectral content of short segments 

of the waveform.    To this end, we choose a windovr function w(t) which 

is causal (i.e.,  w(t) « 0 for t<0) and essentially non-zero only over 

a duration   D.    Forming the product 

sCr> wCt-r) 
and Fourier transforming yields the short-time spectrum S(t,f). 

SC*.f)- f sC*wCi-Y)i,Z'frdr    (i-3) 
Jt-0 

The short-time spectrum S(tff) is the Fourier transform of the recent 

past of the time function s(Y) weighted by the window function w(t-Y). ^ 

The short-time spectrum is the key analysis tool employed in various im- 

plementations of the vocoder.   S(t,f),  measured by analysis at successive 

time intervals t - tj[, to»   ••••••  is smoothed in frequency to remove 

the influence of the pitch harmonics.    The smoothed version of the short- 

time amplitude spectrum S(ti, f). is an approximate measurement of the 

vocal-tract amplitude spectrum for the time epoch corresponding to t^. 

(Smoothing may be accomplished by convolution, e«g., time functions are 

smoothed by low-pass filtering.) 

Digital spectrum analysis.    Digital spectrum-analysis is accom- 

plished with the discrete Fourier transform (DFT) pair: 

»»O (1-4) 

fOR OfflOlAL USE OflLY 



ron ornoift TOE OIY 

sc*-n= Jf^SfKF)e +
jZTTrtH/M 

T is the sampling interval of the time function s(t); N is the number 

of samples to be transformed? and F = l/WT is the sampling of the  spec- 

trum. ■* 

To obtain the discrete short-time Fourier transform, we intro- 

duce the window function into equation (1-k): 

ST* t -jarnh/K 
SR(KF> y  w6»Tjs(nT+ *W)e {±^ 

The index r corresponds to the running time variable in S(t,f).    The 

short-time spectrum is evaluated at times t=r J£T for r*!, 2,....»    The 

window is propogated along the time function in steps of MT seconds. 

The ease of implementation of the DFT on modern digital com- 

puters has contributed to the increased interest in digital voice 

research in the last decade.    Short-time spectrum analysis is a very 

powerful tool in studying the nature of speech and in representing 

speech efficiently. 

Human hearing»    There is evidence that the ear performs a mech- 

anical short-time spectrum analysis at an early stage of processing. 

Flanagan has advanced  a filter model for this observed effect,  *3 

In the middle  of the last century, Qha formulated his famous 

law which stated that  "aural perception depends only on the amplitude 

spectrum of a sound and is independent of the phase angles of the var- 

ious frequency components contained in the spectrum." **   The contro- 

versy over the ability of the human to perceive phase continues.    It 
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is widely accepted,  however, that the human hearing process is pre-   " 

dominantly insensitive to phase. 

Moderate phase distortion in a telephone channel, for example, 

does not result in perceptable degradation of voice quality to the 

listener.    In the context of vocoder communications,  phase information 

is discarded to achieve economy of transmission (i.e., only the ampli- 

tude spectrum is conveyed to the receiver). 

Summary 

The physical functions of speech production are excitation 

and vocal-tract articulation.    Excitation is voiced and quasi-periodic, 

or unvoiced and noise-like.    The excitation signal spectrum is "broad 

in frequency.    The message is Imposed on the excitation signal by the 

vocal tract.    The phonemes of speech differ in one or more features« 

(1) the state of voicing,  (2) the duration, and (3) the gross shape of 

the short-time spectrum. 

The simplified model of speech production is a stationary re- 

presentation which describes speech as the response of a linear filter. 

The use of short-time spectrum analysis is the method used in the vo- 

coder to measure the effect of the vocal tract in successive segments 

of speech. 

ANALOG TRANSMISSION - THE TELEPHONE CHANNEL 

"Transmission is the part of communications engineering con- 

cerned with transmitting messages between sources and receivers." *-5 

For many decades the focus of transmission engineering was the analog 

channel.    The key concerns were defining and maintaining bandwidth, 

loss and interference- objectives, and fielding economical multiplexers 

■FOR ffiWL USE ONLY .■ 
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and radio links in a reliable switched network. 

The microphone in a telephone handset is a -transducer that 

transforms the acoustic voice signal (the source) into an electrical 

signal - the electrical analog.   The analog telephone circuit conveys 

the signal to the receiver (the sink-the human listener) through a 

"pathway" of electromagnetic potential.    The pathway may he composed 

of many links of >rire, cable,   and radio.    An analog transmission link 

retains the input signal in some form of a continuous waveform. 

The Linear Channel 

An analog transmission link may be modeled as a linear system 

with additive noise.   Such a link is illustrated in Part (a) of Figure J. 

The impulse response of the channel is h(t).   The Fourier transform of. 

h(t) is H(f).    The following relationships hold. 

YCfl-SCflHtf) + N(f)       (1"6) 

The first term on the right side of (1-6) is the signal component of 

the output, which has magnitude   | S(fj | * | HCf} I        or converting 

to decibels (dB) becomes      | S(f)|   iR    -f-       1   Hff} I   J« 

Thus, the linear channel modifies the input by attenuation of some fre- 

quency components,   and by adding noise. 

The attenuation of a typical channel (of one link) is sketched 

in Part  (b) of Figure 3.    The channel response begins to roll-off at 

frequencies below about *K)0 Hs, and cuts  off sharply near 200 Hz.   At 

the high frequency end, the response cuts off at about 3.5 kHz.    Such a 

channel is called a "3 kHz channel."   (The dotted curve in Part (b) il- 

lustrates the response of a 2.5 mile non-loaded cable channel.) 
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Figure 3,   The Linear Channel 

(a) the Channel Model, (b) Attenuation 

of the Channel. 
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Consider a circuit that is composed of five channel links in 

tandem. (Tandem links are links connected in series, to establish an 

end-to-end circuit.) The version of the speech signal at the output re- 

flects the cumulative attenuation of the five links, and would be accom- 

panied by the noise contributions of each link. Thus, the topology of 

the telephone network must be engineered in concert with the choice 

of message channel objectives. 

Message channel objectives in the 3ell System include loss and 

volume, frequency response, noise, and echo. Noise includes random 

noise, crosstalk, low frequency hum, impulsive noise, and intermodula- 

tion (due to nonlinear!ties in the channel). A typical design objective 

for noise on a 4000 mile link in the Bell System is -46 dBm.. (dBm is a 

measure of power relative to one milliwatt.) 16 

The linear channel model is a useful one that is reasonable to 

describe the performance of analog channels and "high quality" digital 

channels (such as the PCM used in the Bell System) for conveying voice 

signals. The performance of an analog channel for conveying non-voice 

signals (e.g., analog facsimile and digital modem signals) is limited 

by impairments that are not adequately described in the linear model 

(e.g., phase distortion and various nonlinearities). 

Volume and Signal-to-Noise Ratio 

A simple periodic voltage can be measured by several methods: 

the peak, the average, or the root-mean-square (rms). Each measure may 

be used to compute power. A sinusoidal test-tone "signal" of power 0 

dBm if combined with a noise power of -46 dBm would yield a signal-to- 

noise ratio (SNR) equal to 46 dB. But speech is not a simple, periodic 

signal. 
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The nature of speech is such that the average, rmc, and peak 

values (and the ratio of one to the other) are all irregular functions 

of time.    A practical method of measuring speech volume has evolved, 

using an rms meter with an integrating time -constant of syllabic dur- 

ation.    Such a measurement provides a useful measure of speech power in 

volume units (vu) on a dB seal«.   In this manner, a signal volume mea- 

sure of -6 dBm combined with a -46 dBm noise cay he interpreted as a 

SNR=40 dB.    (SKR measurements or "predictions" must be interpreted 

with caution.    For example,  if a talker's input volume is 20 dB "below 

the nominal level, "the SNA at the receiver may be degraded by 20 dB. 

Kost SHE  calculations and measurements are performed for some rather 

simple "test-signal" such as an 800 Hz sinusoid, a triangular wave,  or 

a stationary "Gaussian signal."   Such calculations and measurements 

are useful, but do not establish channel performance for either voice 

or non-voice signals.) 

Summary 

The analog channel is the central consideration in the design 

of a switched telephone network.   The channel may be modeled as a linear 

system, vrith additive noise.   The key impairments are loss, attenuation, 

noise of various sources, and echo.    Signal-to-noise ratio is an impor- 

tant mearaire of performance.   A typical long distance call in the Bell 

System would deliver an end-to-end circuit with S1IR better than 35 dB. 

DIGITAL TBANSMISSIQN OP SIEEOH 

Digital communications has been a field of rapid growth over 

the past 15 years. Many diverse factors converge to hasten the con- 

version of systems and subsystems to digital.   Some of these factors are 



(1) the economy of digital transmission for expansion of circuit capa- 

city in urban areas, (2) the reliability of digital hardware,   (3) im- 

prove raentc in device technology, (k) the growth of computer applications 

with increased need for data communication, and (5) the need for secu- 

rity.    The last of these factors is perhaps the dominant one in mili- 

tary systems. 

A signal may be secured against intercept and decoding only by 

digital encryption. ■*•?   Thus, secure voice service requires conversion 

of speech to digital form and a digital eommunicetions network to in- 

terconnect subscribers.    In this section we examine the mechanism of 

conversion of speech to digital (with the companion conversion back to 

analog). 

Digital Signal Processing 

The steps in converting an analog signal to a digital signal 

are sampling, quantization,   and coding.    We define a digital signal to 

be a time function of binary pulses or binary "states!"   A digital sig- 

nal may take on one of two values (or states) in each pulse interval. *8 

Sampling converts the analog signal to one that is discrete in time. 

Quantization converts time discrete samples (of continuous amplitudes) 

into discrete amplitudes.    Coding converts the time and amplitude dis- 

crete samples into binary pulses.    The process of analog-to-digital (A/0) 

conversion is then complete. 

The digital signal is conveyed to the receiver (or to a point 

of analog interface) and the inverse steps are employed to reconstruct 

the analog signal.   The reconstruction process is called digital-to- 

analog (D/A) conversion. 

Sampling.   The first step in A/D conversion is sampling. 

JttflffflM.UgfH.Y- 



Sampling-converts an analog signal s(t) into a "steirstsp" function- 

"vhich li?n amplitudes s(nT) in each time interval of width T,   for n - 

0,1,2,,..    ,    The' 33;c?lin£ thnorea for low-pass, band~T.iix3.ted  signals 

follows! 

.'• loi.'-i^.Tc,toad-limited function hav\i;i£ no frequency 

coiipoiicntr. outrsido the interval of frequency fron -•? to 

v llr- -.'.ay 1« r'crcri'cod uniquely and completely for all tirüc, 

by the net of fra&pl'* value«? t.=>ken at tia«? instants se^rr'ted 

ly i/?P'.soeoi'ds or 7..-V/S. ^ 

The s.?uiplinj theoren provides s r&thsiiatical basis for conveTtir:^ en 

onalo£ sijnal into a time-discrete one which car. "bo reconstructed identi- 

cally to -the original signal.   In practice, hardware limitations make 

tho reconstruction lese than perfect, but »the ■imperfections irjay he 

essentially ::c&-lie,ihlri.    The dsrinant ia^alrmsnt iii tho A/D - D/A pro- 

cess is qu?ntiz2tiofi, 

anplit-v.de o-f each tine sr.ur.ls to one of p. discrete .sßt of amplitudes. 

The proce-s is essentially the came as rounding off a series  of numbers 

to a fixed nuüifcer of decirval places,   A linear■ quantiser is one'with equal 

quantum steps hst:reor. levels. 

Binary Coding.    The final step in A/D conversion is -the'-coding; 

of time an? nirplituce discrete samples into binary pulses.    Suppose the 

signal ir> campled at intervals of ? seconds, and the quantiser has' 
•o        p 

J-i    --   <i        =s    •-       --    /'J>! • 

levels»   Each of tho «?5< levels say he uniquely labeled (or signaled) by 

a 3 = 8 2it biliary number (or word). (A 3it is a binary di^it, Tith value 

jrero or one.)    In this n-anher asigns 1 that is sampled at intervals T 

seconds and qivantized to 7.5$ levels aay he converted by coding to a 
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digital signal of binary pulses with "pulse interval T/8 seconds. 

An example of practical importance is pulse code modulation (PCM). 

Speech is low-pass filtered to 3 kHz and sampled at i/T - 8 kHz.   Quan- 

tization to L m 256 levels is followed by binary coding to B - 8 Bits/ 

sample.    The resulting digital signal rate is 

I - B/T - (8 Bits/Sample) (8000 Samples/sec) 

The channel rate for 8 Bit PCM is 64,000 Bits/sec (64 kB/s).    (The symbol 

I represents the bit rate of a digital channel or a digital signal.) 

Pulse Code Modulation (PCM) 

The most widely employed digital voice technique is pulse code 

modulation (PCM).    PGM was developed in the l950*s and fielded in the 

Bell System beginning in the early l960*s.   Bell Telephone T-l facilities 

are deployed now in many U.S. cities, and expansion continues, 20 

Linear PCM.   The steps in linear PCM, discussed above,  are il- 

lustrated in the diagram of Figure 4.   The staircase function is the 

input versus output characteristic of the quantizer.   (Note that the 

quantizer is not a linear system*   A quantizer with uniform quantum- 

step size is commonly referred to as a •linear" quantizer.   Thus, the 

label linear PCM is common.)    Quantization is the deliberate and domi- 

nant source of impairment in PCM.   The error introduced by quantization 

represents a loss of lnforaatlon, and is called quantization noise 

(shown as en at the quantizer output).    After passing through a chan- 

nel (assumed to be error-free) the digital signal is decoded to an L 

level staircase version (equivalent to that at the quantizer output). 

Low-pass filtering completes the D/A process. 

The following expression may be derived for one link of linear 

PCM» 21 
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Equation (1-?) reveals that one link of 8 Bit PCM should yield SHR « 

^0.8 dB,   The equation was derived for a triangular "signal" with an 

input level that exactly fills the amplitude range of the quantiser, 

Kotice that if the input signal level were increased, some samples 

would fall outside the quantiser range-, causing overload distortion 

and decreasing the SWR.    Similarly, decreasing the input signal below 

the optimum level decreases the SHR by an identical amount.    This dis- 

cussion highlights the key weakness of linear POM, poor dynamic range. 

The phoneme sounds of speech vary in power over a range of 10 

to 15 dB, and variation among different talkers gives a spread of 10 

dB or so.    Thus,  SNR performance is important over a range of input 

signal level of 20 to 30 d3.   (Another important aspect is the tandem- 

ing of links, a topic we return to below,) 

Commanded PCM. Companding is a method of improving the dynamic 

range of a voice trunk. Companding means compression followed by ex- 

pansion. Companding may be thought of as a nonlinear gain-loss mechan- 

ism that amplifies weak signals (at the transmitter) to improve the SNR 

performance on the channel (compression). Attenuation of (the previously 

amplified) weak signals at the receiver (expansion) restores the signal 

to its original (amplitude) balance. 

Instantaneous companding is employed with JCK using a nonlinear 

(logarithmic) compression characteristic.   The companding is performed 

on a sample-by-sample basis, with no interaction between samples (i.e., 

instantaneous companding,  the process has no memory).    In. the U. S., Japan 

and several other countries the compression law employed is the u -Law 
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curve: 

V =       * TZ * *- (1-6) 

Where X is the compressor input,-. Y the output,  V the clipping level 

(the maximum range of the quantizer), and» is the compression design 

parameter.    The curve is odd symmetric for negative inputs. ^2 

The SliR performance for commanded FCK is illustrated in Figure 5 

as a function of input signal level (ISL). ISL is given in &B below the 

clipping level. 

Curve (a) shows the rugged SNR performance of the 6':-J-Jit/sec PCK 

used in the Bell System, SNXt > 3odB over a 40 dB range of UL.   By con- 

trast curve (b) shows the SKE performance of the 48 KBit/sec companded 

PCM used in the U.S. Army TD-660 multiplexer. 2^    (Notice that on either 

side of the twin peaks of the curve, S1!B falls off at the rate of about 

.8 dB per dB change of ISL.    Tnis property appears to be important in the 

performance of tandem links.)   Curve (c) is an approximation of the SKR 

characteristic for CVSD, a version of delta modulation. 

Delta Modulation (DM) 2Ur 

Delta Modulation (DM) is a digital voice technique that employs 

one-Bit quantization of the difference between successive samples.    The 

binary difference is a measure of slope, coded as positive or negative 

(i.e., binary -1 or 1).   An integrator feedback path forms a local recon- 

struction of the prediction of the signal (at the transmitter).    DM de-- 

Brers  improved performance over PC« at channel rates below about 30 KBits/ 

sec,   and is a very robust performer over a digital channel of high error 

rate. 

Linear DM suffers the sane limitation as linear PCM,  i.e., poor 
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dynamic range.    To improve -the dynamic range performance various form?:, 

of companding have been implemented,    fcfe focus here on the version se- 

lected for use in the Deportment of Defense, i.e.,   continuously variable 

slope delta (CVSD) modulation.   CYSD employs adaptive companding that ad- 

justs the effective slope signaled by each binary output digit.     The 

adjustment is controlled by the weighted average of slope-overload con- 

ditions, summed over an interval of syllabic duration.   The effect of the 

companding is to vary the step-size of the binary slope quantizer to fol- 

low the shojrt-time energy fluctuations in the signal. 

Curve (c) of Figure 5 illustrates the SKR performance  of CVSD 

with channel rate 16 K3its/sec.    The peak SKR is about 16 d3.    The width 

of the flat region of near maximum S1IR performance depends on the choice 

of compander design parameters,    (in particular, the choice of the com- 

panding ratio, maximum slope to minimum slope, dominates the dynamic range 

of CVSD.) 

PGM and DM are digital voice techniques that seel; to reconstruct 

a replica of the original signal at' the receiver that is corrupted only 

by quantizing noise,   A different strategy is employed in analysis-synthesis 

techniques. 

Analysis-Synthesis, the Vocoder ^5 

The strategy of analysis-synthesis techniques such as  the vocoder 

("voice-coder") is to achieve low digital channel rates by decowposing 

speech into excitation and vocal-tract components.    Excitation may be ef- 

ficiently coded into one number (5 to ? Bits) for each stationary interval 

(or analysis-frame)..   Excitation is coded to signal the state  of voicing 

(i.e.,   voiced or unvoiced) and an estimate of pitch frequency  (for voiced 

sounds). 



The vocal-tract description l8 analyzed by short-time spectra ^ 

analysis at the transmitter.   * quantized approximation of the "vocal- 

tract filter" is conveyed to'.,the receiver.   Reconstruction of a synthetic 

version of speech is accomplished at the receiver by exciting a tine-vary- 

ing filter which employs the received vocal-tract parameters with a pulse 

or noise excitation* 

The vocoder process is identical to the simplified model of speech 

production.   The process is performed in sequence for each "frame- of in- 

put speech.   A typical frame interval is 20 msec or 30 msec. 

The channel vocoder has been employed in military systems for 

many years,   A channel vocoder is one that employs a bank of channel fil- 

ters to measure the approximate vocal-tract spectrum.   A typical channel 

rate is 2*4 KBits/sec. 

The key advantage of the vocoder is its low channel rate.    (A 

typical vocoder channel rate is I - 2.4 KB/s, a rate low enough to be con- 

veyed over an analog telephone channel by employing a modem to convert 

the digital signal to a "quasi-analog" one.)   The disadvantages include* 

(1) cost and complexity (e.g., more than $10,000 per terminal, several 

cubic feet in volume, several hundred pounds in weight, several hundred 

watts of power required), and (2) relatively poor voice quality.    Vocoder 

speech displays a ^machine-like" quality that obscures the perception of 

the talker's identity and of the emotional nuances of speech.   The voco- 

der does provide speech of useful intelligibility Or90#).    User accept- 

ance of vocoder quality speech is difficult to gain. 

Significant progress is now being made with the technology of 

linear predictive coding (LKJ).   LPC vocoders employ the same strategy 

as the channel vocoder (i.e., efficient coding of the voice signal by de- 

composition into excitation and vocal-tract components), but use the method 
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of linear prediction to measure and code a set of parameters to describe 

the vocal-tract spectrum.    IKS offers key improvements in hardware simpli- 

city and potential improvements in voice quality. 

Vocoders remain limited in voice quality and naturalness due to 

the approximations of the amplified model employed and the practical 

difficulties in measuring pitch and voicing. 

SHE is not. a useful measure of performance for vocoded speech be- 

cause the vocoder does not attempt to reconstruct the original waveform, 

(instead, the approach is to construct a synthetic version which has ap- 

proximately the same short-time amplitude spectrum as the original.)   The 

widely used measure of goodness for vocoded speech is word intelligibility. 

Subjective quality listening tests aid in vocoder comparison. 

Vocoded speech may not "be usefully modeled as original signal 

plus noise.   The removal of redundancy accomplished "by the vocoder to gain 

low channel rates is counter-balanced by increased vulnerability due to 

various nonlinear effects.    The vocoder does not provide an "analog chan- 

nel" that may readily operate in a tandem unit connection.     For example, 

if the speech at the input of a vocoder Aye is 'already degraded in band- 

width and by noise, then the ability of the vocoder analyser to measure 

excitation and vocal tract parameters may be impaired. 25    Thus, the ability 

of the vocoder to perform in tandem link circuits is a key determinant of 

network configuration and operational capability. 

Errors on the digital channel contribute noise in the D/A recon- 

struction,  and  in severe error situations may result in receiver instability. 

Digital transmission of speech is summarized in the chapter summary 

which follovsi 
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SUMMARY 2^ 

The nature of the voice signal is important to any study of voice 

communications performance or digital voice techniques.    Speech is pro- 

duced by vocal-tract articulation imposed on the excitation signal from 

the glottis.    The simplified model employs stationary assumptions.    Short- 

tiite spectrum analysis is useful to implement the stationary model In the 

vocoder. 

The analog telephone channel is an approximately linear system 

with various impairments (loss, attenuation, noise, and echo).   SNB is a 

key performance measure. 

Digital voice communications involves A/D conversion, transmission 

in a digital channel,  and reconstruction by D/A conversion.    The A/D and 

D/A process causes reconstruction impairment due to quantization noise and 

nonlinear corruption of the voice signal.    Impairments due to errors on 

the digital channel include noise and potential receiver instability. 

The steps in the A/D - D/A process include the digital signal pro- 

cessing techniques of sampling, quantization, and binary ceding.    Compan- 

ding is commonly employed to improve the dynamic range of digital voice 

converters. 

Pulse code modulation is a widely used technique that delivers ex- 

cellent SKR performance with B * 8 Bit coding, and channel rate I ■- 64- KBits/ 

sec.    Instantaneous companding with the a-Law nonlinearity provides a wide 

d.yiaara.is range.    The B = 6 Bit FCK (I = 48 K3its/sec) used in U.S. Army 

systems displays a "twin-peak11 SKR versus ISL characteristic because of 

the simple compander characteristic» 

Delta modulation is a relatively simple digital voice technique 

that delivers channel error and S1IR advantages over PCM at channel rates 

in the range I = 19 to 30 KB/s.    Continuously variable slope delta (CVSD) 



modulation is a version of DM that employs adaptive slope companding. 

GVSD performance gains over I'CM result from matching the A/D conversion 

process to the nature of the speech signal and to subjective perception 

of the human listener.    (A channel of 16 or 32 KB/s GVSD is inferior to 

6b KB/s I'Cl'1 or analog channels in ability to convey non-voice  signals 

such as modem signals.) 

The vocoder achieve« low channel rates by decomposing speech into 

excitation and vocal-tract parameters. 1PC vocoders may gain performance 

improvements. 

The technical examination of digital voice techniques motivate 

several questions: (l) tfhat ability do these techniques have to deliver 

satisfactory performance if operated in tandem link connections?    (2) Does 

the ability to tandem imply any constraint on network design,   or impose 

any limitations of operational capability?   We examine the important 

question of tandem link performance in Chapter 2, 
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»rhinh teltes on. one  of two values in each pulse interv;:.!,  e.g., 

■zero or one volt.    If the bincry puloec modulate a ■currier vaveforr. (in 

phese,   :^<?Hc.cncy,   or amplitude) for trancrlssion by radio or cable, the 

transmitted version (although "analog"  in some respects) is a ■digital 

signal (boc-.usc the information signal ic binary,  and the transmitted 

version takes uu only on.? of v.ro "states" in caeh pulse interval.)   Kulti- 

pls-in^ several digits 1 signals into an interleaved stream results'in a 

digital transmission signal  (of lucres sea blurry rrato.)   Similarly, by 

■■encoding two information yulocs into one siytialiu;- interval (of fo^r 

stetes) results in a digital' sisnal (each infonrat,iori pulse ic signaled 

by one c? tiro distinct states per pulse.) 

19. Cooper and HcSilleu, pp. 131-3. 

2C. iall Telephone T-l facilities are deployed novr in jnore than 

iS U.S. clticc:,  providing more than 32 Trillion voice channel miles. 

Growth continues at a rate of 10,000 channel idles por day. 

21. Seymour Stein and J. Jay Jon*?,, Ködern Coanuaicatlon Principles 

(Uew YoiirJ    tfcGrav-EAll Book Do. Inc.,   19<?), pp.   205-9. 

22. Bernard Snith,   "Instantaneous Companding of Qnarrtized Signals," 

Sell System Technical Journal, vol. 55 (fay 195?), 3p/653-709. 

23. The perforrance of ^8 kB/r, PCM is examined in more detail 

in Chapter k,  ' 

2'-!-. i:. 3. Jayant,   "Digital God ir,^ of Speech'"avefortjiss F3K, BPCI!, 

and DTI Quantisers,"   Xrocsedlnns of the 113533. vol. 52 (May'1«7'>), pp. 611- 

32. 

25. Flanagan, pp. 323-33. 
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^.<, Civ1: ojwmplo of de^radsd vocoder perfornrnoe .1:: the ocse of 

-■?.iiU.-,-o:/l-l rro*r;e ;.t  tlv iiij/.it to the vocoder >■/}>.    i-cousti:: bacl^rouurt 

r.o3fo (<s„0», tko cdr^mo RJJJIJoctior.) or Inducer1 hun (ICC llr, rioic-j lr> 

.CM.E.OU in ■cojui.-xaiica+Aoiis facilities) present ot the input to the A/0 35.7 

do&ri:'?'* -fclv.: i-..ltoh traclcins function,    (if 0? sufficient ?j*plitu<ie, the 

hois-) <?   *'tr:c!c~a" .retire thrm voice? -itch.)   A rolatod erar.i-lo is that 

If ti-.f! input oiöi^l in 351,* limited ("by e.n analog carrier ch&rael) or has 

zv^9-r^d  attiuuatJoa (t-.o o;i .*. wire- loop) thru the vocoder vocr.l~trf.ct 

.T.oync.ros-.on4-. function ;.'.ay I>e degraded (because the signal spectrum to oe 

.vÄnGurori  is -..-vrticlly obscursd.)   Refer to Figure 3 for ex;:«pies of baud-- 

lii-ii'lec1. or ntteuuatcd channels and loops. 



CHAPTER 2 

THE FROBIEM - SECURE VOICE, KEY TO THE TRANSITION 
OP TACTICAL COMMUNICATIONS SYSTEMS TO DIGITAL 

OPERATION IN THE 1980'S 

In this chapter we consider the importance of secure voice, the 

transition to digital operation,  a comparison of analog and digital voice 

links, and examine digital voice tandeming. 

IMPORTANCE OF SECURE YOICE 

A historic deficiency In DoD communications systems is the lack 

of widely available secure voice service.    Mr» Thomas G. Reed,  the Direc- 

tor, Telecommunications and Command Control Systems, Office of the Secre- 

tary of Defense, recently summarized the situation as followsi 

Lack of security in voice communications used in the command and 
control of forces has long been recognized as contributing to reduced 
force effectiveness by allowing the enemy to gain advance knowledge 
of planned actions.   Recent gains in methods of voice digitisation 
and the use of large-scale integrated circuits to reduce costs and       , 
size now bring forth the promise of their widespread use in the field« 

The experience gained in recent warfare confirms the need to pro- 

teet our voice communications from exploitation.       Because secure voice 

requires digital transmission, the need for expanded secure voice ser- 

vice Is one key driving force in the transition of DoD systems to digital 

operation. 3 

TRANSITION TO DIGITAL OPERATION 

U. S. military telecommunications systems are now beginning a 

conversion from analog methods to digital technology.    Digital systems 
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convey human speech by encoding the voice waveform in binary digits for 

transmission.   Digital signals may be readily encrypted to deny hostile 

exploitation.   The thrust of DoD policy is that future communications 

systems will be digital. 

The TRI-TAC Program 

The Joint Tactical Coamunications Program (TRI-TAC) was estab- 

lished by the Secretary of Defense in 1971.    Two objectives of the 

program are to provide modern tactical communications capabilities to 

the Services, and to achieve interoperability of DoD communications sys- 

tems. *   Major General John E. Hoover, Director of the TBI-TAC Office, 

recently summarised the focus of the effort as follows t 

By developing a digital system we are providing a new capa- 
bility in tactical communications.   Ve will supply better service to 
the final user; we will be better able to cope with the growing re- 
quirements for transfer of datai we will realize the many technical 
advantages inherent in digital technology, as compared with the 
analog world * and. we will have made the achievement of widespread 
security economically feasible. 5 

The TRI-TAC Office is nearing completion of a set of planning 

documents that will define the overall architecture for the future tac- 

tical system.   The approach to transition is evolutionary, because econ- 

omic limitations and other constraints inhibit a rapid changeover to the 

objective system.   Ve consider the THI-TAC Architecture in more detail 

in Chapter 3. 

The Integrated Tactical Communications Systems Study (IKTACS) 

INTACS is a major study effort by the U.S. Army to plan the 

fielding of a modern, mobile, digital, automatic, coamunications sys- 

tem.   The study takes into account the system architecture defined by 
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the TRI-TAC Office and the hardware (and software) developments now in 

progress.    The study is aimed at translating the known requirements in- 

to a workable communications network.   The IHTAGS study, if implemented 

in U.S. Army programs, will dominate the character of the communications 

system of the l980,s and I990*s, 6 

Tandem Voice Links 

The system approach to transition being developed in the TBI-TAC 

and INTACS efforts involves the tandeming of various voice links.    The 

PCM links now employed in the U.S. Army switched network will be retained 

(in some parts of the system) through the decade of the 1980's.   Single 

channel net radio terminals which use 16 kBit/sec CVSD will he intro- 

duced.   Digital telephones which use 16 and/or 32 kBit/sec CVSD will also 

be fielded« 

A narrowband secure voice terminal will be introduced into the 

DoO system in the 1980's.   Testing is being completed now "by the Nar- 

rowband Secure Voice Consortium to pick a DoD-wide narrowband digital 

voice technique." "    (The use of the term narrowband relates to the digi- 

tal channel rate, i.e., a narrowband technique is one with channel rate 

less than 5 kBits/sec.   Such a digital signal may be conveyed in an 

analog telephone channel.). Thiö candidate narrowband terminals are vo- 

coders, many of which employ the linear predictive coding (LPC) approach. 

To simplify the discussion which follows,  let us assume that an LPC vo- 

coder will be fielded.   A likely bit rate choice is 2.4 kB/s, so we label 

the terminal (and the A/D technique) as "LPC-2.4.H 

The transitional system of the 1980 «s will involve tandem connec- 

tions of PCM, CVSD, LPC-2.4 and analog links.   Thus, a question of vital 

importance is the performance of digital voice links. 

«WÄiLY 
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COMPARISON CP DIGITAL VOICE LINKS 8 

The key factors in the choice of an A/D conversion technique 

for voice are performance, channel rate, and cost..   In this section, 

we contrast PCM, CVSD, and LPG in terms of these factors. 

A summary of the comparison is shown below i 

Performance Channel Bate Cost 

PCM-64      "excellent" 64 kB/s low 
(SNRs»36dB) 

PCH-48      "very good" 48 kB/s low 
(SNR«26 dB) 

CVSD-32    "very good" 32 kB/s IOH 
(SNB«25dB) 

CVSD-16    "good"' 16 kB/s low 
(SMR^lödB) 

LPC-2.4    "fair/good" 2.4 kB/s high 
( intelligibility *? 9OJ0 

The adjectives shown represent the subjective judgement of the Author. 

We examine performance in greater detail in Chapter 4. 

tfe have adopted the notation that "CVSD-16" represents a CVSD 

A/D converter operating at 16 kB/s, or one digital link of 16 kB/s mte, 

terminated with CVSD, 

PCM delivers  "excellent" performance of high SHB, and the cost 

is relatively low.   PCM-64, such as that used in the Bell System,  de- 

livers performance essentially equivalent to that of an analog telephone 

channel.    Such a link is quite versatile in analog switched network ap- 

plications because many links may operate in tandem to compose a circuit 

of high quality.    In addition, non-voice signals (such as modem signals) 

may be conveyed.   Thus, PCK-64 is suitable for application in a general 
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purpose analog network as a trunking mechanism.   FCM-6> is employed 

in the Bell System and is being fielded in the Defense Communications 

System (DCS). 

The one disadvantage of PCM is the high channel rate, a rate too 

high to be conveyed on sone of the essential channels in the DoD system 

(e.g.,  analog telephone and HP channels, and some power-limited satel- 

lite channels).    PCM does require a relatively error-free channel to 

deliver satisfactory performance (the bit error rate (BER) should be main- 

tained below 10"^ or 10"5). 

CVSD provides "good/very good" performance at relatively low cost 

for channel rates of 16 and 32 kB/s.   The quantization noise is noticeable 

(especially at 16 kB/s), but does not impair effective communication on 

a one link circuit.   CVSD is robust in performance in noisy channels, 

maintaining high intelligibility for error rates as high as BEB - io"1. 

The use of CVSD at both 16 and 32 kB/s is planned for the strategic and 

tactical systems of DoD. 

A key uncertainty in the utility of CVSD in a switched network 

is the ability to tandem with various links.   Preliminary testing of tan- 

dem links of CVSD at the Electronics Command laboratories concluded that 

the maximum number of tandem links (each of which employ CVSD) are as 

follows t 

Channel Bate Maximum Number 
(kB/s) of Links 

32 5 

16 2 

These results were obtained under laboratory conditions with no impair- 

ments other than the voice A/D-D/A.   Other tests suggest that one link of 

CVSD in tandem with one vocoder link nay deliver useful intelligibility. 
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UFO vocoder performance is labeled as  "fair/good" because of 

the lack of naturalness typical of the vocoder speech.    LK does deliver 

sufficient intelligibility to be useful on vital command and control links, 

UPC may be expected to tandem successfully with high quality links such as 

FCK. 

The Narrowband Secure Voice Consortium testing now being documen- 

ted may provide key answers on the intelligibility of tandem connections 

of various voice links. 

ANALOG AI© DIGITAL LTK.ICS 

In this section we relate the comparison of digital voice links 

to the discussion of analog and .digital transmission in Chapter 1.    Sev- 

ers! definitions are given that will be useful in our examination of 

digital performance in a transitional system. 

Signals my be coded in either analog or digital  form.    Speech is 

inherently an analog signal.    If a speech signal is to be encrypted,  it 

must be converted to digital form,  i.e., to a digital voice signal.     In 

a communications network, the voice signal may be conveyed on an analog 

path, a digital path, or on a tandem connection of two or more such paths. 

Let us define a link to be an Interval along the path through the network 

over which the message signal .remains unchanged in form. 

The terms loop and trunk relate to the topology of the network. 

A  loop is the connection between a subscriber and an access switch.    A 

trunk is a connection between two switches.   A circuit Is the connection 

between subscribers.   Thus, a circuit is composed of two loops, and—if 

the two subscribers do not share the same access switch—one or more 

trunks. 

.   A circuit.may be composed of one or more links.    If a circuit has 
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tvo or more links» the path is called a tandea connection,    landeming 

occurs at each intermediate point along the path at which the message 

signal is converted in form.   Thus, a tandea point occurs at each inter- 

mediate point along the message path at Hhich the information signal is 

converted from analog to digital, or from digital to analog.   The tandem 

points define the junction of links. 

Notice that the number of links in a circuit between subscribers 

may be counted by adding 1 to the number of tandea points (intermediate 

A/D and D/A converters) on the path.   The analog link path which connects 

a D/A to a collocated A/D converter is a link, by our definition.    Indeed, 

an increment of impairment may be imposed on the signal by such a link, 

e.g., noise, loss, etc.    But, assuming proper design and operational con- 

ditions, the impairment imposed by such a link is negligible, so we will 

usually ignore the impairment and not count the connection as a link.    Ve 

refer to such a connection as a .junction link. 

A channel is a path in the transmission system, defined in terms 

of the form of transmission (analog or digital) •   In an analog system, 

message signals enter the system in analog form» and are conveyed over 

analog loops and trunks which are connected by analog switches.   Trunks 

and loops in such a system may be provided by analog transmission channels. 

(If so, the system is a uniform one,  homogenous and "pure" analog).   Ana- 

log trunks and loops in an analog system may also be provided by digital 

transmission channels. 

Consider a modification of the analog system that results if 

digital transmission is employed to provide the analog trunks between 

switches.    (In this example, the analog trunk employs a digital channel. 

Bach trunk contains an A/D converter to transform the message signal to be 

conveyed on the digital channel.)   This example describes the current Army 
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Tactical Communications System (ATAGS), which employs **8 kB/s JCH in the 

TD-660 Multiplexer,    (in this example the analog link at each switching 

node dons impose impairment.    Kost Araiy switches operate in a two-wire 

{?M) node, so a 4tf •- ?Jf Hybrid is connected in the signal path, resulting 

in a. 1 c!S sttor.us.tion of tho information signal at each switching node. 

vJe iiiay observe in Figure 5(t) that tho performance of a '^8 k3/s TCH trunk 

is a function of input signal level; SUIi may degrade by 0.6 dB for each 

s?J3 change in input level.    In addition, noise impairment rsr.y occur as the 

analog junction link traverses a wire or cable subsystem within the sig- 

nal center.) 

The dual case is a digital system, in vhich message signals access 

in digital form, and are conveyed over digital loops and trunks which are 

connected by digital svritches.    Voice signals are converted to digital at 

the point of system access, and back to analog at the point of egress. 

A digital system is uniform if subscribers are connected by one digital 

link, (tto tandeming occurs in a unifos» system.) 

During the tvro decades of transition toward a predominantly digi- 

tal DoD system, a hybrid mix of both analog and digital subscribers, 

loops, trunks, and switches will exist in the network.   At the beginning 

of the transition, the system is an analog one with both analog and digi- 

tal transmission.   As the transition progresses, an increasing fraction 

of the subscribers, loops, trunks and svritches are converted to digital 

operation. 

Digital links are fully defined by specifying the bit rate and 

the error rate.   Analog links are much more diverse in character,  and per- 

formance is defined in ter» of bandwidth (the amplitude versus fluency 

characteristic), attenuation, noise  of various types (thermal, .quantisa- 

tion, cross talk, hum, impulsive, intermediation, etc.),   output SKR as 

Y 
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a function of input signal level (ISl),   and nonlinear effects  (echo, 

companyLnt-;, etc.),   Thus, thn perfornance of analog links is difficult 

to define raid results fror, the cumulative effects of distributed phenomena. 

tinny types of analog loops and trunks will exist in the transi- 

tional sjntem of the 1980's.    A partial listing follows? 

1.    Analog radio and. wire channels 

?..    Digital channels which employ A/1) and D/A converters: 
n.     64 KB/s PCM 
b.    40 k3/s PCM 
c    32 kB/s CV3D 
d. 16 KB/s GVSD 
e. 2.4 kB/s LPG (LFC-2.fr) 

During the initial years of transition  (late 19?0*s and early ipßO's) 

several additional types of digital channels will exist in the system, such 

Ä6_2.fr kB/o channel vocoders, 9.6 kB/s  CVSD, and 50 kB/s PCM. 

DIGITAL VOICE TAHDEMING - THE KEY PBQBLEM 

In this section, we consider a conceptual model of voice tandeming, 

and present the purpose statement that is the focus of this research. 

A Model 

A conceptual model of a voice network is shown in Figure 6.    Let 

us consider each shaded sector in the circle to represent digital voice 

coded "by the following methods} 

Sector Digital Voice Technique 

1 CVSD-16 
2 CVSD-32 
3 IPC-2.fr' 
4 IGIi-48 

The unshaded sectors represent analog voice.    (In this discussion we ig- 

nore impairment due to analog links and digital channel errors.)    let a 

capital letter represent the end points of a circuit path hetween subscri- 

bers.    An A/D or D/A conversion is performed as the path traverses a 



■'Oi 

w"f#? 

Z 
CVSD-Ä 

■>«■*.i :• •■::• 

UTC-Z~+ 

_-U-v. X 
Jr                                              >•'.' •            \L V      ;  i   • \ 

\      i.-.li. ■.. ;.. 1 
/          \4 1       !   »i ■ ■•• 1 
l                   /PlCMi I    •■■'  'i-' :'; I 
v 4 y40/ /H      #i :  • : I 

»                ^^w***"'^^                Jr /         /           f 
C '::- ■ •'■• •     # 

^Ü^*v 
        ■                 * #■   *■?-.•'!'■ *.-■•.-     ;    -..-^ i'. ■ - .«v^ ^V      Jr            V 

«'_../• '>-TC Nr 
7  1        /'/A 
# craMfe r 

» >^ 

^LL            ■■■:■     ,^^\ 
e*4J*n£ Bwrt 

i> e V3'4'i 

FI)«M6,   At« Absinket  Mtfief of  Voi&e 

irsfiij 

§* rtVßäS'fcßii 



HPÖSl ßi'i'IM. U&E HWIH 
boundary line upon entry or exist fron? a digital sector.    The path 

through a sector represents one digital link.    Passage through an analog 

region between sectors is an analog junction link. 

Path A illustrates a connection "between subscribers of one link 

of CVSD-16.    Similarly,  R?.th B is composed of two links of CVSD-16,    (Note 

that each digital link involves one A/D and one D/A conversion at the end 

points •) 

The model of Figure 6 is useful as an aid to think through the 

question posed at the end of Chapter 1:    Does the ability to tandem imply 

any constraint on network design, or impose any limitations of operational 

capability? 

Let us consider circuit paths of one, two,   three, and four links 

that originate from a subscriber of sector 1 (CV3D-16).    The only one 

link circuit is Path A,  and the results summarized above confirm that 

Path A is satisfactory.    This result confirms the obvious, i.e., if two 

subscribers arc both equipped, with CVSD-16 and if a direct 16 k3/s link 

is available in the network, then a satisfactory circuit may he established. 

(One may observe that the direct link circuit results in the maximum de- 

gree of performance margin,  because the connection imposes a minimum of 

digital voice conversion distortion.    Thus, Path A would remain more 

useful in conditions of high channel error rate than paths which include 

additional links.) 

We summarize an assessment of the two-link connections as 

follows s 

Satisfactory Paths Satisfactory Paths 
of Kir.im.uic Karf in 

C  (1-2) B  (1-1) 

32  (i-4)- D (1-3) (*) 



v/s suraarise rn assessment of sons of the three-link connections 

as follows: 

Satisfactory Paths               Questionable Paths           Unsatisfactory/ Paths 

1-2-2                                        1-2-3 1-1-1 

1-2-4                                       1-4-1 1-1-3 

1-4-2                                        1-1-4 1-3-1 

1-2-1 

1-4-3 

One observation that may be drawn from this assessment follows s   A three- 

link connection that originates end terminates as CVBD-16,  i.e., l-(    )~1, 

is either questionable (if 1-2-1 or 1-4-1) or unsatisfactory (if 1-3-1 or 

1-1-1),   Another view of this observation is that if the network contains 

a community of CV3D-16 subscribers who may access the network only through 

one link of CVSD--16, then a network connection between any two such sub- 

scribers is cjuestlonable at best.    (This example applies if CVSD-16 net 

radio users may only access the switched network at an analog interface. 

Two such users are potentially isolated from one another.) 

Another observation is that an unsatisfactory three-link path 

implies that all four (or more)-llnk paths that contain the three-link 

sequence are also unsatisfactory.    For example, that 1-1-1 is unsatisfac- 

tory implies that. 1-2-1-1,  lr-l-2-i,  1-1-1-2, 1-3-1-1, 1-1-3-1,  1-1-1-3, 

»..(and others).. .arc also unsatisfactory, 

We summarize an assessment of a few of tho four-link connections 

as follows« 

Satisfactory Paths Questionable Paths Unsatisfactory Paths 

1-2-4-4 1-2-4-1 1-4-1-1 

1-4-4-4 1-2-2-2 1-2-1-1 

The conclusion to be draw, from these considerations is that tho 



ram tu sie 
psrf or rw.cs of tandem voice-links may impose limitations of operational 

capability (i.e., some available network paths are unsatisfactory).   An- 

other point of view is that the performance of tandem links does imply 

necessary constraints on network design. 

The assessments offered above are tentative and. judgemental. In 

Chapter h vre ssck to refine the assessments by analysis and "by examining 

recent experimental test results. 

Some tentative conclusions are supported by the assessment of 

the network model. 

Tentative Conclusions 

The assessments do provide some general conclusions concerning 

the questions posed at the end of Chapter 1: 

(1) ''fhat ability do these techniques have to deliver satisfactory 

performance if operated in tandem link connections? 

Links of KH-ö^ deliver rugged,  versatile  performance in tandem 

circuits, and do convey non-voice signals.    Links of FCM-48 are likely 

to deliver satisfactory performance in iaost tandem voice circuits, but 

adding; one link of PCI-S-4Q (to establish an N-link path) may render unsat- 

isfactory a marginal connection of K-i links.    CVSD-32 is somewhat versatile 

in tandem links (but distinctly less versatile- than PCM-6^-), and is of ques- 

tionable utility for non-voice signals.    Links of CV3D-16 are satisfactory 

if direct,  or in restricted tandem circuits with IrCK or CVSD-32.    But 

links of CV3D-16 become marginal (or unsatisfactory) in circuits which 

contain two (or more) links of CVSD-16 and/or L£G-2ji, and circuits 

which contain CYSD-16 are of little or no use to convey non-voice signals. 

Links of LRJ-2A are of limited versatility in tandea circuits, and have 

essentially no utility for the common non-voice signals.    Analog links 

interleaved in-a circuit of digital links may impose additional impairment. 



(2)    Does the ability to tandem imply any constraint on network 

design, or impose any limitations of operational capability? 

Yes, "both constraints and limitations,    Bstwork topology,  con- 

nectivity, and routing control in a transitional, hybrid system must 

incorporate engineering design features to accommodate .the diverse (and 

not analytically quantifiable) performance of various circuits of tandom 

I?nks.    The sising of trunk groups is jaot a simple   (common-user) traffic 

engineering problem, "but must take into account the ueedlines of various 

user communities-of-interest and the slowly changing mix of terminal 

equipments and tsrunking. 

Limitations of operational capability arc certain to occur in the 

transitional system because some circuit paths that could be established 

deliver unsatisfactory performance.    (Xr. other words, whether or not a 

Given trunk is useful to a particular subscriber depends upon where he 

is in the network, who he is calling, the terminal equipments of both 

subscribers,  the  connectivity possibilities of the  current network, and 

various random influences such as network loading,   and noise and alignment 

conditions on analog links.)    "Common-user" networks that must route traf- 

fic based upon segmented communities do not gain the full measure of econ- 

omy of scale as unsegmented networks. 

The r-roblsm. 

Ho single measure of performance of analog and digital voice 

communications links is known that is sufficient for engineering design 

of a network composed of diverse links.    Experimental testing Is necessary 

to validate the usefulness of a user-to-user connection composed of tandem 

links. 

A two-decade transition of Dol)  communications systems to digital 
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operation io boglnning.    Secure voice connections in the "transitional 

!>QB .Syeteit" of the i?30*« will Involve taiideming öf various voice links 

(e.5>, analog, pulste cods modulation, delta modulation, and vocoder linke). 

The transitionol system design will determine the number and nature of       : 

tanden-. links • traversed "by the network paths between every pair of users 

in the systoat.    Thus, the system design may result in groups of users      ; 

thai r.re' isolated fro;* certain other.Users in the network» 

The purpose of this research is to deterinine 5i" the U.S. Arciy 

tactical conaiunications system design for the 1980*5 includes isolated 

users.   The research approach is to examine plans for DoD systems in the 

1900's and analyze a model of the "1980's transitional system*' using ex- 

perimental and analytical, tand.eia voice-link, performance data.    If is- 

olated users exist;  system design improvements will be explored. 
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CHAPTER 3 

DIGITAL COfflflJNlCATIONS PIAHS 
THE I976 AHBQACH 

In this Chapter we examine the policies and the planning approach 

to digital communications in DoD that guide, influence, or limit the se- 

cure voice communications of the U.S. Army.   Ve begin with a summary of 

DoD policy guidelines that focus the digital transition toward    the 

16 kB/s channel rate.    In the second section, we survey TRI-TAC Archi- 

tecture which forms the broad design for future tactical systems.   Next, 

the specific objective system and transition strategy for U.S. Army com- 

munications is examined.    In the fourth section, we consider interoper- 

ability between various regions of the overall DoD system.    The Chapter 

concludes with a summary. 

DOD POLICY. 

The thrust of DoD policy is that future communications systems 

will be digital, secure or securable, and will employ end-to-end security 

over 16 kB/s circuits,   In I973, Dr. B.  Rechtin, then Assistant Secretary 

of Defense for Telecommunications (ASDT), summarised the policy approach 

as follows 1 

....The decisions of the Secretary of Defense and the Chairman 
of the Joint Chiefs of Staff on how to configure command and control 
of the STOP or nuclear forces have made it clear that communications 
options must exist for clear and unimpeded command and control be- 
tween the national command authorities and the executing commanders 
in the field.    Such communications axe not possible with fragmented 
and disconnected separate networks designed to different criteria 
J>y different groups.   An overall communications system architecture 
is mandatory if the national command authorities are to get the 
communications they have stated they need.,.. 
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....It »as as a result of recent experience and a.-consequence' 
of Joint discussion between the security people and communications 
no:•».;dttsec that TidD recently decided to procure no further military 
vain«? radios unlercr, they were either secured or securable,   »fld, 
further, that oar goal uas widespread, end-to-end security.    Link- 
by-link security, although useful as a supplement in high threat 
areas,  is clearly not a substitute for end-to-end security in the 
vrorlo in which ;re oust live, 

.,. .'\'c should do something; to standardize bit rates for both 
long-haul and tactical coramications.   This led to the decision to 
use !(■ Kilobits per ceoonc, with an intemodiate use of J?- Kilobits 
per second, for secure digital voice traffic in the field and over 
r-p.projrir.te lou^-haul c5.rcu.its.    It no;-; appears commercial common 
carriers nay offer v. 16 Kilobit per second digital service, which 
shovW considerably inprove our chances for widespread, end-to-end 
so cure voice»  *■ 

This policy initiative of ^973 served to focus the attention of 

systcr.i engineering organisations in DoD toward a single, specific, com- 

mon chanuel-bit-rate for future systems, 16 kß/s.    The choice of 16 kB/s 

represents a compromise between many conflicting considerations that ap- 

ply to local subsystems in various parts of the overall DoD comiaunicatiens 

system.   The interaction among the Services and DoD agencies since 1973 

has resulted in the merging of system design choices into a nearly co- 

herent system architecture.    This merging of system approaches is a 

theme that is apparent in the plans of DoD organizations.    In the follow- 

ing sections we examine the TRI-TAC architecture,  the Array INTACS study, 

and other DoX) systems, 

TIDE TRI-TAC AROKITSSGTüBüi 2 

Major General John E. Hoover- recently summarized the scope and 

goals of the Joint Tactical Communications Irogr&m as follows s 

....The program includes tactical, multichannel, switched, com- 
munications end related COKSBC, access and interface capabilities. 
The program was established to; 

U) Provide the Services, on a timely basis, modem tactical 
comunicationo capabilities: 5 

(2) Achieve interoperability within the Department of Defense 
and with our allies; 



(3) Eliminate duplication among Service Research» Development 
and Procurement programs} and 

(*t) Do all of these things in the aost economical manner, 

....Essentially, TBI-TAC is a single program which provides 
for the design, development, and acquisition of the next genera- 
tion of tactical communications capabilities for all the Services-«- 
while achieving interoperability among them, eliminating duplication, 
and minimizing costs in the process«:--' 

The system engineering description of the TRI-TAC Architecture 

is detailed int 

....A single architectural document including Systems Objec- 
tives, an Implementation Plan, Subsystem Architectures, and Assess- 
ment of Technology, Methodology for Design and Analysis, and some 
fourteen annexes covering such system-Hide aspects as Communica- 

\ . tiöns Security,. Traffic Handling, and Network Timing« * 

The architecture provides the broad design for a digital, common-user, 

switched system which provides clear voice and secure voice services, 

and data services such as teletype, Intercomputer, record, sensor, and 

facsimile. 

TRI-TAC Development and Acquisition Programs 

A useful insight may be gained by examining the development and 

acquisition programs for hardware to be fielded during the Initial phase 

of the transition«   A concise summary of the developments is given in Ap- 

pendix X.   The Appendix contains Tables 1 through 7, which detail   the 

Phase I (through 1982) hardware to be deployed in the subsystems of the 

tactical network.    The scheduled dates for the beginning of production 

of these equipments occur in the interval April 1976   through November 

1981, 5   (Definitions of words, phrases,  abbreviations, and acronyms are 

listed in the Glossary of the TRI-TAG Architecture.  ^) 

The switching subsystem improvements during Phase I are listed in 

Table 1. '   The principal improvement is the AN/TTC-39 Automatic Switch- 

board.    In Phases II and III the AN/TTC-39 continues to be deployed in the 
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Land Ba.se'l System.    A if k3/s switching network w5.ll ts introduce* in 

the V.urrsl System during Frc.ce II, and a 2.4- I<B/s access capability will 

be field«*. e    (Phase II Is the interval 1?32 - 1990; Fnase III is 1990 

- 1993.) 

Static Subscriber Access Subsystem improvements during Phase I 

arc lifted in Table 2. '    Trie key improvement is the Digital Subscriber 

Voice Tcrninal (D3VT).    The D3VT is a secure voice terminal which eraploys 

CVSD (operating at 16 or y. KB/'o). 

Phase II improvements include z. new family o.f 30 to 90 line unit 

Level Switches, expansion of message switching access, and fielding of 

additional multichannel radio assets.    **The Army ATACS (TD-66O/I065) 

Analog/rCK multiplex inventory will play a key role in the transition 

through the hybrid analog/digital environment of Phase II,"   Phase III 

improvements include switching, multiplexing and radio transmission. 

"Fnase III will see the phase-out of analog subscribers end thus the Army 

ATACS. "universal" channel equipment." *0 

Kobile Subscriber Access Subsystem improvements during Phase I 
11 

are listed in Table 3. Phase II improvements include the proposed 

fielding of a distinct Mobile Subscriber Access (ESA) subsystem nlth three- 

subsystem components s    Mobile Subscriber Control (liSC), Mobile Subscriber 

Terminal (MST), and Access Unit (AU). l2 

Trunk Transmission (Surface) Subsystem improvements for Phase I 

are listed in Table lV. "   Thv.se II improvements include troposcatter and 

HP facilities.    Troposcatter, SHFLCS,   UHP IOS,  and W capabilities would 

be improved during Phase III. 

Trunk Transmission (Space) Subsystem improvements for'Phase I are 

listed, in Table 5, *■>   Further irsproverrents vould be implemented during 

Phases II and III. 



Digital Voice Bit Rates 

One design objective for the tactical switched communication 

systems Is end-to-end security.        The DSVT is to provide traffic en- 

cryption on an end-to-end basis. *?   The modification of the DSVT is to 

provide a capability for push-to-talk operation an 16 kB/s.   8    "The in- 

itial channel rate for TRI-TAC land-Based Systems is 32 kB/st the rate 

in the Naval System will be 16 kB/s.M 1? 

The TTC-39 Specification provides the following guidance on Ana- 

log/Digital Conversions 

Digital voice terminals shall digitise analog voice using the con- 
tinuously Variable Delta Modulation (CVSD) technique at a bit rate 
of 32 kB/s.    The TDMX of the circuit switch sybsystem shall operate 
at a single channel rate of 32 kB/s»    ....It shall be possible for 
any voice subscriber connected to the AK/TTC-39 circuit switch sub- 
system to be able to communicate with any other voice subscriber. 

....The circuit switch subsystem must, therefor», provide A/D 
and D/A devices for use in connections between a subscriber using 
an analog voice terminal and a subscriber using a TRI-TAC digital 
terminal (32 kB/s, CVSD). 2° 

Hie mature TRI-TAC "objective system" will employ all digital 

16 kB/s trunking in a homogenous common user, circuit switched network. 

Thus, subscriber to subscriber circuits in the mature network are direct 

digital links.   Tandem conversions between digital voice links are es- 

sentially eliminated.   Thus, in the mature objective system the four 

regions illustrated in Figure 6 would merge into one region of CVSD-16. 

Transition Strategy 

Recall the discussion in Chapter 2 of analoge and digital voice 

links in a hybrid system.   The key challenge of transition is to provide 

continuity of user services during a period of gradual evolution of the 

system from a predominately analog one to a predominately digital one. 

Digital subscriber terminals»  trunks and switches will gradually be phased 



into tho a:\t\-ork.    The hi^h coüt of f5clding a nes-r system dictates 

n lengthy -i:r;:iiri?.tioa. 

Ti:o THI-TAG architecture is a broad "umbrella" that covers a vide 

r~rij.;o of possible system configuration transitions.    Such an approach is 

necessary uficavsc the Military Departments and DGA have different starting- 

points for transition.   For example, the  current ATA OS employs cügital 

tram.-tfasioi;,  «hereas the Air Force system has analog transmission.    Thus, 

converting or adapting ATAC3  tronking to digital operation will he rei-- - 

ätively simple. 

Cthcr considerations contribute to the need for a versatile tran- 

sition strategy.    Uncertainties in programming actions, year-by-year budg- 

ets, - and production schedules compel an approach that is flexible in 

time phasing.    The mobile "nature of tactical forces dictate that one way 

not rely on a specific geographic configuration of similarly equipped units; 

the strategy of transition must be as flexible as the range of tactical 

employments. , 

The transition strategy is to field a hybrid circuit switch (the 

TTC-39) at hiajor system nodes, and slowly expand digital trunks, loops, 

and subscriber terminals.   The space division matrix (SDKX) of tho TTC-39 

provides automatic switching of existing analog trunks and loops.   The 

time division matrix (TDIIX) provides automatic switching of digital trunks 

and loops:.   An inter-Matrix Unit (D1U) provides A/D a&d D/A conversions 

to interconnect tho SDMX and TDHX, permit ing crossover betvxeen digital 

and analog trunks or loops.    The crossover function permits connections 

between analog and digital subscribers,   analog trunk lüg on a path between 

digital subscribers (if a digital path is not available), and digital 

truaking between analog subscribers.    Several such crossovers nay be needed 

to establish a circuit between subscribers, depending on the availability 



of Hg.*:?.! trunkin^. 

The '-ross over operation in a hybrid network is illustrated in 

Figure: ?.    Part (2) depicts r:  circuit of four links   (digital/analog/die-i-- 

tal/oru-lo,:;) 'iounoctiuy a DSVT-equippod digital subscriber with en analog 

subscriber.    Th3 crossover is illustrated symbolically in Part  (b). xiart 

(a) of r^-ur.? ? illustrator, the. use of two dialog trunks (links) in a 

circuit path betueen J3SV? subscribers,' 

A channel rats 0? 3?. kB/s was selected for digital trunkint; in 

the TBI-TilG r-rchltccturo to permit flexibility in crossover, i.e., flex- 

ibility' in interlacing; digital and analog links.   Digital links of WSl)~j?. 

provide* unproved voice quality and ability to tandem. 

Another crossover situation is r, tandem conversion between digital 

subscribers equipped irith different terminal«.    Part (b) of Figure 3 il~ 

li'.-.;trater; crossover to interconnect a DSVT subscriber (one link of CVSD-32) 

with'a iv.rroK-band subscriber (one link of LH) ?.,k). 

The Integre ted Tactical GoMiunica+.iOüs Systems (E;TÄC3) Sturiy 

is a cipjor cfo^t to define the U.S. Ar«iy cojavunicationc posture ii* tins 

39-O's«    The Study \&gxti in 1971 and was essentially concluded in Deeem- 

mr 1?7>    A Oowjiiuuicatlons Systems Segui-re^cnts Study (CC1-J3R) vzs 

conducted to identify the necklines  to bo satisfied by tho notvork. ?2- 

"The IhTACS Study provides the mechanise fee trw.;;oriling tho CGfsST.'s in- 

to a vrorkablc coifiiBunications network" *'-'    Another .point of view is that 

the Study is a syatem engineering design offort to select the siuiaruiu 

cost system configuration that satisfies ihn rsc^irezrcnio and. certain 

constraints (investment profile, available TEI-2AC l-mrdwaro,  etc.). 
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Objective System *"•■*■ 

The INTACS Objective System, the target system for the mid-l990,s, 

is consistent with the TRI-TAC Architecture described above.   The multi- 

channel transmission and switching subsystems are all digital, and digital 

access is provided for all secure subscribers.   Digital trunks in the mul- 

tichannel system during the transition would operate at 32 kB/s,  whereas 

single channel radio access and KSA subsystems would operate at 16 kB/s. 

(The analog trunks of K5M-48 would be converted to digital trunks as the 

transition proceeds«)   End-to-end digital operation between   all secure 

subscribers would be possible.   (The direct digital link would operate at 

16 kB/s in the case of a connection between a 16 kB/s subscriber and a 

32 kB/s subscriber«   Such operation is accomplished using the Dual-Rate 

method which is summarized in this chapter.) 

The Division Objective System is described in the INTACS Final Re- 

port as follows» 

The Division Objective System is a highly integrated communica- 
tions network which is predominantly structured around the TRI-TAC 
MSA subsystem.    MSA integrates the functions of telephones,    tele- 
phone switching, radio transmission, communication security, radio 
wire integration, and control into one composite subsystem.    9th** 
communications means within the Division area are (1) SINCGARS VRF/FM 
net radio« (2) MS multichannel communications and switched wire? 
(3) Single channel and multichannel tactical satellite communications; 
and Tactical Record Traffic Terminals, facsimilies, processors, and 
centers. 25 

SINCGARS is the acronym for single channel ground-air radio 

system.    For brevity we adopt the term combat net radio (CNR) to identify 

single channel radio equipments which employ the CVSD digital voice tech- 

nique and operate at a 16 kB/s channel rate.   SINCGARS is a member of the 

class of CNR. 
The Mobile Subscriber Access (MSA) subsystem proposed for the 

Division System include six Mobile Subscriber Centrals (MC) and 275 

Mobile Subscriber Terminals (MST).   The MST provides automatic, secure 
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voice user access  into the KSA   subsystem "by radio (using CVSD-16). 

The MSC's provide area coverage to serve KST users and CUR access.   The 

ESC's arc interconnected -with digital LOS and satellite trunfcing to other 

MSC's and to the multichannel system. 

The Corps  Objective System is "built upon a switched, digital, 

multichannel network.    Both LOS terrestrial and satellite radio are em- 

ployed.    (Thp satellite capability includes Demand Assigned Multiple Ac- 

cess (DAW.)).    The digital trucking interconnects the nodal TTC-39 circuit 

switches,   User access is gained "by LOS radio and coax coble.    The TP.X- 

TAC Digital Group Multiplex (DGK) eq.uipir.onts are employed.    Subscriber 

voice terminals include the Digital Subscriber Voice Terminal (DSVT) and 

the Digital lion-Secure Voice Terminal (Di;VT)« 

The Theater Objective System is  equivalent to the Corps System in 

makeup.    Increased use of troposcatter is planned at theater level. 

Transition Strategy 2~ 

The transition strategy is outlined in the  IKTÄ.CS Implementation 

Plan,    Transition is divided.:' into two intervals,  the Improved. ATACS tine 

frame   (1976 - 1982) and the final period (1983 ~ 199?).    The multichannel 

system of the Improved ATACS time frame  is essentially that of the current 

system.    Improvements during the period  include increased channel capacity 

of LOS systems, digital combining and trunl< patching, frequency division 

multiple access  (PDJLt) satellite transmission, automatic small switches, 

expansion of some digital trunking capability (use  of the TD-10i$ with X'*&- 

TD-6f-0 Multiplex), secure net-radio (the Jidetand Security Device - tfBSD), 

and circuit technical control in-prov'-jmssn+s,  2? 

The transition approach during the final period is to field the 

TRI-TAC assets beginning at. Separat?. Brigade/Division level, then Corps 

level,  and then Theater level.• The allocation of assets would-be guided 

rm ftm*a:fti..nflr mnu 



M tmmi BSC ONUf 
by the Tioparimout of tho Ar;»y Plaster Priority Listing (DAMFL).     Kans^c- 

D.e--.t virrld be applied to the distribution of sssots to aairitain s. near 

optimum .-/&'=:•:;;:•. conf 5jv.r-.tion. -roi: bi-;h priority user:*,   Improvad ATAC3 

assets  replaced by TRI-TAC equipments would be deployed to meet the aoods 

of lower priority users.  (Thus, ATACS assets rauld aigrate Rearward "♦) 

Suxroarv 

The Ji.TAOS Study provides a roadrn&p For transition of Ariay com- 

munications to an all-digital objective systea in the 1990'G.  -The Study- 

includes a. system engineering design, sigrwl unit force structure, hard- 

ware procurement and deployment schedules, and programming and budgeting 

guidelines. 

OTHBR SYST2IB    ' 

The objective system configuration and transition approach adopted 

for several other systems will impact on the ability of subscribers of 

the Army system to coinmunicate with users in the other systems.    Other sys- 

tems of prtioular interest are the World Vide i-Jilitary CcmEBUd and Control 

System (VfifKCCS),  the Defense Coirtmunicationr- System. (DCS), the U.S.  Navy 

System, nnd the 1TAT0 Integrated Communications Systen (KICS), 

World   Wide military Co:nmand and Control System (WKCCS) 

Ihr. Thomas C. Heed is the Secretary of the Air Force«     In March 

1975»   while serving as Director, Telecoxysunications and Cosm-and and Control 

Systems, Office offne Secretary of Defence, Mr,'Beed described the V/WHOCS 

as follos-rs: 

The '.P/ZKCCS, as now understood,   is a composite of coat-rand and con- 
trol capabilities distributed world wide whichs (1) Support the I:CA 
by providing the means by lrhich information is received fox accurate 
and timely decisions; apply the resources of the Military Departments; 
and assign military Eissiaus and provide direction to the Unified and 
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and Specified . Cowmands.     (2) Provide for effective command ard "con- 
trol support o* specific missions of tho Unified and Specified CoBUflauäs 
and the '..'WHCGS related management/information systems of other DoD 
agencies. r-ü 

The vr..'KGGS provides secure voice and data services to interconnect 

the National Command Authorities (KCA) and the commander at the scene of 

action,    A /fWKCCS Architecture study effort is in progress which will id- 

entify the connectivity requirements (needlines) for the a'WMQGS,   A tfiffiCGS 

System Engineering Office is being organized to accomplish the  planning and 

design necessary to implement the '.JiJIIOCS Architecture. 2' 

The potential impact of the vH/KGCS on Array coruiionlcations is that 

vfr./HGGS needlines will extend  into the Array- system.     If end-to-end security 

is a requirement on such connections, then the ability to establish direct 

digital links in the Army systen is necessary. 

Cne approach under study for potential implementation for HWMCCS 

secure voice service is a variable channel rate strategy in which the digi- 

tal voice terminal jroiild be capable of operating in several modes (at 

different bit rates).    Such operation would per:<d.t adapting to a low bit 

rate when the network is stressed (thus maldng use of limited transmission 

capacity) or adapting to a high bit rate to gain performance when capacity 

is ample. --'0   To achieve low bit rate capability, such a terminal would be 

of cost and complexity comparable to LFC-2A, ^ 

Defense Oomigunlcations Systesi (DCS) 3? 

The DCS is a general purpose, long-haul transmission and switching 

system whJeh provides a wide range of services to EoD usei-s.    The Automatic 

Voice Network (AUTOVOK) is the clear voles "telephone network" of the DCS. 

The Automatic Secure Voice Communications i.etvrork (AUTOSEVOCCii.) provides 

secure voice services to about i^-OC cubr.cribez-s.    The Automatic Digital 

Network (AUTODTil) provides secure record! traffic eooaunicatioiis. 

MI to 
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3o:,'Q insight may be gained into the futuro DCS secure voice tran- 

sition from the mcent remarks of Brigadier General J. H. Jacob-sissyer, 

Be±uty Director,  Il^s ^nd JPrograms, Defense Communications Agency; 

....By finding it feasible to operate digitally at 16 KBS ~ at 
lcr.r.t for scev,rc voice -  in the GOIIUS, i?c cvui achieve real  convorg-- 
miee of +.1« strategic ?nd fectieal coxnuuicatioiis rystcmn,     i'e should 
'Chievr true Interoperability arc] logistics com:.'.o?.?.li ty,    It is o 
reo tenable objective to foresee any replacement of current  overseas 
IMS switches" to be fundamentally the  THI-TAC switches. 35 

Lieutenant General Lee M, Paschall, Dia set of the Defense Ooiranu»!- 

cations Agency recently summarized the'approach to interoperability as 

follows: 

....it seems certain that the future PCS will be heavily oriented 
tovarc? interoperability with U.S. tactical ccxaunicatious system and 
with the communications systems of our Major allies.    Interoperability 
end technical standard!Kation between U.S. tactical communications 
systems and the DCS will be driven both by the very demanding needs 
of the flexible nuclear response strategy as veil us the requirement 
to hav* the capability to precisely  control U.S. ailitary forces at 
the oxecu+dng level in erir.is and contingency operations, 

....Thus, the strategic and tactical communications systems must 
have •<: degree of interoperability and technical standardization such 
that they are transparent, or very nearly so. •* f 

The future DCS secure voice eystea nay be Guraaarized es a homogenous 

16 KB/s digital switched network vrhich provides direct digital links bet- 

ween CVSD user terminals.   Network access in a narrowband mode say be 

achieved using the 1*0-2.4-. 

U.S. ITa-vy System 35 

Some aspects of the secure voice portion of the U.S. Navy System 

are discussed in the section on TRI-TAC Architecture-,   Transition of U.S. 

Havy corcraunications is dominate* by tho especially challenging transmission 

channels that are vital in the 'Jav?l environment.     3IF/3S3 transmission no--? 

in use ic a severely bandlimitcc! channel? data rates are constrainefi to 

2A kB/s.    One the other hand, satellite transmission channels to some 

key mobile platforms are severely power--limited due to antenna constraints, 

R if* 



r;o ^i:.";.iir:.T rctes r.rc restrained to 16 kB/s or less, 

The tr* national Ik-.vy System of the i980*s may be summarized as 

e It I:'j/sdigital switched network which iiitercbnnec-ts'CVSD subscribers. 

Direct n-?rrr.-:br.ncl linke «in'?, narrowband access to the "digital ue-tworfc will 

■Tie' '&cr:*A<*i >r*th LPC--2.fc. 3-- 

HATC Into,'jeto-i qoauntaiioatloas Era tea (UICSV 3? 

Trie iriOS uo,e initiated in 1970 to seek the integration of various 

national systems "into a coiaaon user switching system.    '*Thf? concoptunl 

'IIICS iy ?. totally integrated grid network of automatically switched, 

Ths SLGPOYCX is the current standard NATO 
38 

common user facilities." rn--a *■ 

vocoder equipment,  which operates over the analog links of the switched 

networfe. 39 

Th:.- utility of U.3, Araiy resources to coiarounicate with subscribers 

of other ■■systems nay depend oil'ths'system'design adopter! for those other 

systems' ruxd upon the iacthod. of interoperability selected for use at each 

system boundary.    Tho DCS and the iiavy'Systen will omploy 16 Siß/a digital 

trunlcing lo X->rovido direct links between. GV3B subscribers; both systems? 

will provide uerrcrband access with LK-2.^.    The ELCBOYOX vocoder is 

employed in tho 'i;TC3.    :fe exaaino interoperability "between systems in 

the nert "section. 

In this section, w<? examine tho ability of secure voice users in 

different regions of ths overall Ü6D systen: to coamunicate.' Jfe focus on 

the tandeiuing problem,* "Are conversions to analog required at the system 

boundaries which Join the fcajor regions  of the- overall HoD system? 
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,". JLol-il point of vlevr i3 adopted  in this section.   'Di Chapter^ 

i-o fccw-:' ;>.: -l;.-.-. 7.0".rl conr.i3ra'atio«s of -ty-a^oväsi^ intornr.l to tho V.S. 

;.r*y 'u-itiwl ;ynt«?r„,   'AatfoKina snd transition considerations are voveii 

ir.t3 thn -&-jtt f-brio o? '.jleV.l si.d Intßrrml architecture. 

?^:icn?  of tU* ' Oryr';21 Systen ' 

'/-.■■■"ous reg? one of the secure voice portion of the overall systor- 

am; rho-.tfi :r, thi? .T.cstrafitioii of Figure 0,    The sketch represents s si^pli- 

fierf r1n.-:cri:;t?.oa fcT tte or^nisation of the overall cjraten.■'•'Wsh cirovl-r 

r^1r>r..l" $T oeeto-' of-ths systera within rhicii direct di^ife! 15nfcs are  ' 

provided, between w«™* voice users 'by digital trunklng -.+ P given chan- 

nel rate. 

Iii tide discussion w© 0.3SUK? tliat the ßlomiing 'directions su;;.- 

■ jürrisF.d   in this chapter continue, and that hardware: is fielded in the 

derart" of tiia 1930*s in the many regions  of the DoD system,    The global 

ayctea ^B-lractiou of Figure 9'n&y be thought of as e. ir/atea "sna^höt".', 

aopictii;^ thn 7)o?) äystoa of tho lato i$8Ö, = ». 

b'c ir.ay ■think of the circular regions of Figure 9 « the   "back- 

bone" trvrJdng ard witching aioti-rcrks of the DoD syetoa.    The region 

labeled  " US AVm ICTAC3" represents that sector of the transitional sys- 

tem within which Aragr DSW/BKVT subscribers can be connected by a direct 

link of *2 kr/3 truukiac.    (The" .rrthoi of coital voice A/D conversion 

associated with theae subscribe is shown in parenthesis.)   The Array 

IITTAGS region in equivalent to the joint reeloi: of land-based tactical 

communications that la equipped with TRX-TAC suatichamel transmission 

and switching assets.   Each trinn^ular ooctor in tho sketch represents 

■a user coicmunity vrhich nay access ono o:r store of the "backbone" sycrteiss 

to establish a long-haul circuit with a subscriber in another coifcaunity, 

The distinction between circular "backbone" regions and the access 
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regions Is that users in a backbone region nay establish a direct dig- 

ital link with any other user of that region.   In the access regions, by- 

contrast,  some user-pairs may be capable of establishing a direct link, 

whereas other user-pairs nay only be connected by trunklng through one 

(or more) of the backbone regions« 

Let us consider the question of tandem links in this "overall 

system" using the notation employed in the discussion of Figure 6 in 

Chapter 2.   If digital voice signals were converted to analog at the 

interface boundaries of Figure 9, then a connection between MSA sub- 

scribers that is trunked thru the 32 kB/s multichannel network (i.e.,.a 

II-I-II connection) Would result in a three link circuit (a 1-2-1 cir- 

cuit in Figure 6.)    Such a circuit of tandem links delivers question- 

able performance.   Assuming analog interfaces, an equivalent three link 

circuit (1-2-1) would result on the following pathst 

II - I - III 
II - I - V 

■;■' 11 -'i.- vi 

III - 1 - v 
III - I - VI 

V - I - VI 

Thus, a primary factor in determining the degree of interoper- 

ability achieved in the overall system Is the method selected for 

interfacing at the region boundaries.    (Stated in other words, the choice 

of interface method determines whether some users are Isolated from sub- 

scribers in other regions.) 

The analog method of interface at the boundaries I-II, I-III, I-V, 

I-VI, and II-III is listed as one option in the TBI-TAC documents.   An 

interface method called "dual-rate" that avoids such analog interfaces is 

now being Incorporated Into various system plans and hardware developments. ^ 

Dual-Rate Method 41 



The dual-rate method now In planning will' jearxr.lt DSVT equipped 

sulscribnrr: in regions 1 oini VI to establish a connection of one digital 

lii;h, opn-j.-atiiifc; at. io kB/s.    This citaple method is accor.plished  by pro- 

vldirii; 5ä; the DSV? the cspability to "chance to a 16 k£/c rate for operation 

on thoso connections that traverse or terrrinots lna  16 K3/s re&ion.   Tr. 

the- r.::;.tchsd syritsr., the dunl-rate method  is performed by automatic "gear-- 

■ ■•;'.. shiftär«;" of the transmission rate at the' boxmdary,  i.e., '.each "hi* in the 

1/ K>/a aerial is tensniiteft twice on the y. VB/z channel.    (In the op- 

posite riirection of transmission, each pair of. identical bits on the J?. kB'/s 

channel is transformed into a single hit in the 16 kli/s channel.) 

The dual-rate method is also being implemented for the system 

^   :    boundaries I-II, I-III, XI-III, I-Y. 42    Thus, if the <3ual~rate method 

now in ^latinin^ in .1 implemented in the b?,rch?are fielded in'the" transitional 

fyet?n,   thou direct lln!: connection will ts posciole between'all DSVT, 

1ST, and EH* users (i.e., between .ill secure rtubsc-iberr. With e. OVSI) di^i- 

t-'l voice *oru<:;al ■that have systen acce-.-.) \u region:: I,  II, III, 7,: and 

VI.    A '■second ^aportant implication ic that the CV3D equipped cübscriborr, may 

establish a circuit of tro linis with narrowband, veers (i.e., thoce ec-ciippec* 

vitii UPC-2.il. or PiliOBOVOX) in re^ionc IV,   VII and VIII.   A circuit between 

U,3. usere vrould he at uorct a (1~3) circuit. 

The fact -that direct disHal lia\z arc pooaiblj betiroeii wideband 

(CYST))  secure voice userr lus a ?c«sy in^lic-ticji for data eoncunicationo 

service.   Namely,  wideband secure voice users say exchange data in a direct 

mode, -frosi user to user.    Thus, the secure voice capability and Connectivity 

of the  r?yctOß way be viewed as :■•■. readily available reso'.irce for data coi;,~ 

■■.Mun'ications.    Such a resource v.*.y bo twoful to satisfy Urgent iieeuilir.es 

in a flexible,  responsive ruannor. 

Summary 

ifiM-ro-MY 



TU thin section vre hr.ve oxsAined the interoperability of: secure 

ycic^. connections 'rhich o^oos the system boundaries of the overall DoD 

pyote-'?.    Euch rollen io coi;-sidered to ce homogenous,   cocposed or? unors 

equi^p-scl ;:ith '"«ext-gnaerctiori" secure voice terminals lut-ircoiuxecied 

with (H^ita! trunkin^. 

The duel-rate nsthoäis a oolutlon to ■interoperability ?it come 

tyrten Wdndr>.rio3 tfovt pernits niroct digital links to be established 

between  uidshcr.d (16 or 32 kD/c) secure voioe user pairs.    Such opera- 

tion provides end-to-end digital connection::, which jsakocs end--to-end en- 

cryption end dsta transfer possible«    The union of these ays test regions 

(I, II,   III, V. and. VI) v&y bo vievred an c homogenous 16 k3/s network (i.e., 

r. uiiiforivnetrcrk«) 

■'Io return to the topic of tandem connections:, vhich include nsr- 

. rowbjacS  liulc::- in Chapter h, 

"be system levul discussion in th3s section did not include con- 

si3ör<rtion of --oice circuits' with analog conversions internal to a region 

"(crossover operation).    In Chapter •'•!•, we introduce ©. aodol'of the transi- 

tional system to be used to .e jsuaino circuit porforenaec of vpjciourj circuits 

of. taacUsjs links internal to the U.S. Army tactical system (i.e., inside the 

■'Rcgiono I, II, and III,) 

■.SUKfXHY 

The thrust of DoD policy i:: tUt future telecoEnunicstions''systems1' 

vill bo digital and provide ©nd-tn-oiv? security.   A channel rate of 16 K}/e 

has emerged as the comnon target of vcrio-.m regions of the DoD system. 

TOo TRI-TAC Architecture is ,7. brc:d aystau design ifhich provides 

flexible system configuration tr?jnc it ion's in the tcctioal networks of the 

Services.   The transition strategy is a hybrid one  intended to penult 
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continu."*.; of uw.r sorviooc during the ir-ro decades o:? evolution   to s. prb- 

douinantly c^itcl oysv-Wt    Tho Icutf-bcKC* »uitichuiiwel 'systou coirsploys a 

3? >-£/::,  cii.'.mnGl -rot? for digital txunking during thft ' trfchcitior*.   Sued-", 

re to Operation pernito direct digital link« ?.t 16 kB/s;' 

'The HiTAOS Study describes a specific objactlvs systerc configu- 

re tier- .i.i:.f*. tmicibiou: stretchy for U.S. Amy cominunicstiom:.    The -pprocch 

i:: to continue ATA. OS iraproveswHt:» throujh 19ft?, thou deploy TRT-TÄC «V- 

7cloi,?-(?  acRstc to complete the trsainitiott in iht lute 199C'::. 

Other ays tens with which thsü Array syctem shcres a mutu-?,! dopen- 

deaco for design and'transition include the WMCCS,' -the DCS, the U.S. Navy 

System,   an<? the NXCS.   3oth the* DCS and llavy secure voice systems are 

based on »rMoband   (!•' Yü/r.) operation, -rith provision for harrox-rbanr! 

Interoperability of secure voice  service betneeii syctens is "based 

upon th~ dusd-rat'G asthod of ^ai^hiftinö" to 16 J72/3 those connections 

which traverse or tnw&nate in & 16 kB/r. region of the overall r.ystoin. ■' 

.Such operation 'results in transparent, direct di&ltE.X linfe= Wtwsräh wide- 

brvrd (15/32 I'Jj/s ) sulwSrtticnre. 

Fen roura 
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CHAKTI3K '* 

ANALYSIS - VOICE TAMDEK3BG 

In this chapter ve focus on the performance of circuit?, of 

"tandem links internal  to the U.S. Army tactical system.    (This -focus in- 

cludes Regions I,  II,   and III in. the diagram of Figure 9.)   We seek 

quantitative performance estimates for circuits composed of links of 

C-VSD-16, CVSD-32,  IKJ-2.it, and PGM^S.   Th-3 goal is to quantify the per- 

formance estimates of circuits for which a tentative assessment ras 

offered in Chapter 2 in the discussion of Figure 6. 

A survey of analytical and experimental results is presented, 

including r. simple model for SKR calculations.    An analysis of tactical 

circuits is performed  to estimates the S1IR performance of likely cir- 

cuits of up to five-tandem links»   A brief discussion is given on the 

extension  of tactical circuits into other regions of the Bo3) system. 

TAXrm LIMKS   - AiiALTTICAL AKD lOXPERIinitfTAL RESULTS 

la this section HO survey the available experimental and analytical 

■results which lend insight into the performance of tandem link voice cir- 

cuits in the tactical system.   The survey includes an examination of 

U.S. Army PCK, TPJ-TAC analysis,  ECOli tests end DoD Consortium tests.   'An 

arbitrary scale of circuit performance is introduced.    Let us begin by ex- 

amining the PCK->J 3 currently in use in the ATA OS. 

U.S. Armv PCM 

The TD-660 is the PGJ1 !fultiplex«r employed in the current ATACS. 

in WTWX?,*-. »rig» rat» \>. 



■The use of 'ti^ita! iransrtission 3.iuks to interconnect analog switching 

iiOdor. results'in tanriem-link circuits,   Thus,   the tatidemihg performance 

of >!■? kj/$  is of vital interest, 

;The signal to noiao ratio (SNK) porformance of PCM-48 «as ana- 

lysed n rid measured' hy vfolfgarig H. Fischerat the U.S. Army Electronics 

Command  in  1^9- "" -■■the slot-filter method" vac used.    SNR neasurentmts 

>rore tafcon on■ PCK-^3 circuits established between TD-352 PCM Multiplexers, 

■Thc'TD-35-  »a« tho forerunner to the TD-660,   and ■ employed a functional!? 

equivalent PCM converter. 2   .Thus,'«© adopt the performance measurements 

reported hy Fischer as the best availalle data representative of the 

TD-6S0 FHK-40. 3 

The measured SKR for FCM~'*3 is plotted in Figure 10 as a function 

of input signal level (ISL), *   Ue adopt the notation that tC«l>ß) is 

the symbol for signsl to noise ratio (the dependent variable).      *J   is a 

function of ISL— «C,  and of tho channel error rate—p.    The ..-Reasurercents 

dW not Include channel error conditions, so tho results describe only 

the quantisation noise impairment due to variation of ISL.    (Thus,  >:e 

suppress the variable B   .) 

The maximum SHR (25.5 dB) occurs for an ISL of zero dB (^£(0) =' 

25<5 dB).    Notice that as the ISL decreases,«| declines to a miniiaum of 

12 dB for ISL- -20 d3 (^(-20) «  1.2 d3).    (The scale oh the "-abscissa of 

Figure 10 wis adjusted so that the peak SNR occurs at ISL - 0.) 

la a subsequent section we compute im oatiraate of the SKH per- 

formance; for circuits which include tauder; links of RJM~'!-3, 

The Error Control Annex- of the T3I-TAC "Architecture estsblichec; 

ar. error budget for TRI--TAC sys laic' au-i identifi«.; »nd-to-ond *rror con- 

trol procedures. -5   The analysis supporting the error control design 
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choices includes a theoretical examination of the SNB performance of 

delta modulation on tandem-link circuits with digital channel errors. 

An estimate of the SKR performance of one link of linear delta 

modulation (LDM) is given by the following equation! 

*    =    8   *   6^(Tt)   *"™ 
where 

^ » Signal-to-noise ratio (in dB) 

fs « Sampling rate (in kHz) 

fm « Highest modulating frequency 

If we choose fm ° 4 kHz, equation (4-1) becomes i 

%       » 8%^-!-) dB (M) 
Evaluating equation (4-2) for sampling rates of. 16 and 32 kHz yields the 

following results t 

(kHz) (dB) 

16 16 

32 24 

Equation (4-2) was derived by Dr. J. B. O'Neal for a rather simple 

link of LDM.   The results may be adopted as an estimate of the actual SNR 

performance of CVSD.    This approach is reasonable because the companding 

mechanism of CVSD adjusts the step size of the quantizer to deliver CVSD 

performance that is essentially equivalent to LDM operating with an input 

signal of optimum level.   In other Kords, the SNR performance of CVSD is 

near-öptimum over a range of ISL of 20 or 30 dB. 

Note that equation (4-2) provides an approximation of the SNR 

performance (due to quantization noise alone) for one link of CVSD oper- 

ating at a particular sampling (channel) rate.    (For delta modulators 
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the :r-.T>I!r.i, vat," -r fs — is equivalent to the channel bit rate— I.) - 

?hu;:.;   ::.i\J..i..i^:f..i:t due to ^hiUinel errors is  not considered. 

'.A üodified equation is derived in the T3J-7AC analysis which doe«;"' 

•r-.ccoiu.l .for channel errors.   The modified equation provides only appi-oxl- 

ffirto r^wltc because* the noise due to channel errors is computed for a 

sinusoidal input &i&nal.    3ut the results do provide a useful estimate 

c^ the performance of one link of C7SD with'channel-error impairment,   Th* 

SI;H perfürn-nce results Are summarized in Table S. c 

The results of Table 3 will be used in n oubcf^ucnt section to 

compute mi estimate of the SKR performance for circui ts which include 

tandem I3nks of "CYSD-16 and CVSD-32. 

Consider the SIIR-performance of a circuit composed of several 

lilies iv:  tar.dcu.    Let^be -the symbol for the SNR of the i-th link.    If 

vc assus-.© tfo-t the noise contributions on the several links are uncorre- 

■laled,   i.heu the noise adds on a power "basis and the circuit Sift may be- 

■ •computer'  as f ollown t 

%    * 
I 

**1 
V*y> 

(M) 

The bar'Is added und.er the symbollfc äs a reminder that the S2ÜR is given 

p'c a power ratio rather than in dB.    The followiag relationships holds 

t * IP '4»j,*i «JB 

n » 10 
Squiition  ('i-3) yields the S1IS at the output of a circuit of V, links 

where the SKR of the i-th link is\.    Ration (h~h)  i= the relation- 

ship between power ratio and dB» 

let us illustrate the use of equations (U-^J anÄ (4-'j-) «fith a 

simple example.    Consider a circuit of two links of CVSD-32,    Assume 



Table 3 

BiZ PerforaKJiic® of GYSD Ki-th Errors 

■ I "■• ■ . 

ChöWicl Rate Littft Brrc )r Hate SHE 
(iC;/c) (srrorfs/2j X){%) (3D) 

V °-3 ."16   '■ ■ 
15.9 

10"? 
10"1 

15.2 
(1«5) 9.8 

o„ ■•■   24   ' 
10" J (.1*) 23.7 
10"? 
lo-1 

(«0 21.9 
(lo/O 12 
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no channel errors).   Froa Table 8, ^"^j" 2i* *?'* 

*la   «  to. ief(lt^^)   —    Zl «16 

-'Two link» of 07SD-32 deliver a circuit Sin of 21 'dB, a 3 dB decrease 

froa a ono-linfc circuit.   Tho 3 dB change results fröre a doubling' of the 

uoiac power.''■ Sir.ila.rly, a'four-link circuit of C73D-32 delivers an SIIR 

N/.1-    *LC   UX> A 

KCON Terts 

A soiios of tests of the performance of digital voice links -were 

conducted by the Electronics dqmnand in 1973. ?   The purpose of the tests 

was to verify the utility of OVDD-16 and CVSD -Ji. for use in 'the secure 

voice systems of DoD,   Tho tests involved tandem links of CVSD and vo- • 

coders. 

The'consonant recognition test (CRT) iß a test intendod' to juea- 

■ r-uro fcho  word intelligibility porforaim-?? cf a circuit.    The 03? svac de- 

veloped by •/. ':!,  Frounce 'for i.'OO!! *üd >.-j:c '«Jittployed In  the 2.073 scries' of 

teat-?.»    Savsple test vords are jplaj-cd tfr-rou^ ?. circuit *nd 0 list.on la;-' 

■*nv records the percoivod Hovtfs.    T!,*-   fraction of sorree* rssprasec; *e- 

terffiir.es tho CRT score on a .WJ^O of r,o'ro to 100.    The subjective   de- 

scriptors for OR? scorer, are listed L-. Table 9. S    Vp note that ihJn ^^ 
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Table ? 

.•' ■.bJMTtJvo Descriptors for CRT iSccr*:; 

£-•:•■.-'.:?. X' !U i "('*!) 

Verj  Goo3   (7G) 

Goo^ (a) 

.ric-T^Iilti;.       U7 

SO to 25 

?5 to 30 

70 to 75 

?C to 70 

Loss than c-0 
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r:. i * "c ::'y OUT,    SV+ tho" ncale iy usßfui to .*?id ii\ AutoriJretSi.-; V- 

n + -. 

■ vi'x:r*"?R.*>5s«.i' f-ji^oh rsr;.:lted. iss a'90.S GST,    0:;o liuf: of C73D--3? 

do?:vrrcr?  0^,5 03* vita r.c eh,umel error«, de->r-i^iatr; to e fC.8 CRT *ith 

!C# o^or:- ^J«*.0"*)..   Hw to;-.der. links 0^ 0V5D-32 with no o-rors tfelJvnr- 

cc! nhTi.v W.T.    Those nsulte for CVST3-32 fall Aato the E/VG raugcs of 

""a'clt.' 9. 

On- Ij/.i: 0* C7;"?r/-k' •Jcll'jrj.T-'id .•- C'>.« CRT (Vj)  trith ..o  orr-cvc, £»:•- 

«,r,-y?1i.ü t-.> ;■ ?0,1 fJRT (?)' w}.tl 10% rirron,     ri'otfc' tha+  thcco 'two reir.Gtr.' 

cor.,.,-iro L.o Si:1? oot1.Tr,to:: of 1( eafl 9,3 *2 reapscWvply.   (S';o Tw>lo P.) 

two■ l.!iJ:r.  or C73D-:* Oliver.w* 81.3 CRT (v'G) with r,o errors.    Ac?dii;b 1^ 

errorr-. oy;   Oi\? of the li:;!'.r, dcfa-rari-:ss ferforjcvanco,'by about thro© poir.tr.,  to 

■f ?C 'Jiff, ('j).    A  circuit of four link* of CVSD-ly-Oliver«-«} a '(8.6 CRT (l,',\ 

F 'rrruU' w.-ll !.i?lo« ttiq "unaccop-^bl«" throcinlä. ? 

T'-*:;i.r »f /jasi-aifibt; (moment) ::5,;.arr.l.~ over ?: circle link of CV3D~l£ 

'orC"/W-3.?.'cici«nssr.<irr.to fcbrl C75D In act *. suit^lc /./l) tf^hn3fj.üe'-fcr-oon-'-.. 

"ty-"«, HOii-vö'.r.c   (sork-r.) .slymir:.'   Of Hv«  r.ck'srr.  tor.tcl,  o.ily two <ich- 

■■■i'-/CÜ.   Oiiy   't»0orCiC   of   OWWV.G.   10 

.'■'. Tho tr.-H.c: of (IVSD J.n a' t'iArinjr, ccruioct.'.Oit>Ith Jvj.rrowb.-viö llücs 

(."•;;c:i r-n   thv «hiaüiel vooorl<;r) lo;id to th? coüciucio« tlv.it  Iho circuit of 

tW9.'tai;Hf»:.V'lii-jrr;^clIwnr3 iiJtellJtJblllijr tfcot Ic oocentilally equ3.vt.liat 

*-f>; th.'jt of the- narro-'.'b.i-.rtf ß»rt«;.T! .aluus.    7 L   h.'-«If.w,   howsvor,  that tho 

circuit of  two Hair, jr, inferior to n or.fc-ü.-lulr cirruit. 

■Pop ConsortJ;T. Tostc 

The Consortium tönte; bivr/a^ou *ionplot*J. end the report of find- 

in£Z irj I11 coordination draft forrr. < * the tins of th-i;*' vriiiii". *-■    •»•ttf. 

' ter,tl»j£ oonfirra» that 3. tandsR circuit of OüC lu.fc 0f CVSP-16 asjd'' one ilak 



of ::•'':-■?.'! ?':'i-.-.?r..-. r^3c;?tr..oV.N ^rforrciice  i.f chur.uol orror ratcg c«.ro 

ruit-'.::.j   I.,/,   -OircuilB of throe linier. compose:! of -J'/SIKi;'. and LPC-?.'* 

.icliv-.r ,;:■ ii"-.-.!!,) ,lu:?.nc'r:rtp.bl3 jxrfomr.seo. 

■'Tho ":'■'• L'j'r.v/rore'Jt the cost cjchr.VKstivo iiwosti^tlon of  tho por-'" 

;;.. fcrisiuv.,   crci,  c-ii.-1  --fjiij-l^xitj' of uarroKband digital voice proosscoru 

owr ow/lu'-c.f^.    Tho ier-t report r.ho»ld receive er.reful study ac a souro* 

of i;;:;:l;_,i.;. into th* iorpe^-,Jico'of circuits of-tendsi?; jli-k, 

A;.' Arl-:Jr^-;/ ."c.-.,lc- of re^fcrc-inco 

To s.U\;:iify  ihn rfisoussloii o£ tho' :*e>:t wet ion VP;< dorian arbi- 

trary .^.-Jc of iÄTforonnw shÄ In Tnblo 10.    Such a rscrlo :1r, subjpctivn, 

*rrt re^.-.:f-pc:t-: him opinion of the Author.    To■ OKPIVRüIKO the arbitrary 

,iflti;rr  o" tlio roalc,  "adjnctlvp 'descriptors vara selected tlwt arc not core- 

ciojuy a:-:-^  to do surfte precise' quantities."''■ 

."   ">^iiy" CV) circuit 1c oao with SIS creator ihrn iy dB.   A 

tyi-lca?. r"^;<;t U'Mi-j ;B8ll 3j?-.t.cri would deliver an SKR'of 30 33 or higher, 

Two ai/jf-c >? SVSD-X rtnUv^r & 21 c3 SüÄ, :uid aji'ß*.? ORT (Gswollcr.l on ths 

■C!8?'Sf!.-s]R  or Tabioo.).}  'T circuit provide??: «v wry comfortable iiC*x«ojA1oii 

of laain^   can» j.rftr.r.'ii'sc to the user,  the to.lfcar r.my.bc  ro-irMIy. identified, 

•vnn hi^ii  nit-llii.i.billty ie ßdr.taSnntf.    Tho nir^ult has' a wMo rar^e of 

^-r^n.   Th.-t. ?.:.;,  ««cMor-fblo i-AdiUon.-d i a^lrron Us curih'as acoustic 

b-vcktjjTv.u^ .-nolbf:,  elirxi.M?i error«, .nnri Jcvrsl  off cots;' nay be suffered, "but, 

ti-o oirr-i-AL r'j;.r>*un useful, 

A   •«Sui^bl«"  ("3M) circuit lr oiir that 5s generally useful for 

,-ailUr.ry voico coflia>.unicr.tior,n.    ?ovV/A-n^lfi,  no.-ir ih'j lyp erd of the ratine 

.,3.= "CVSD-1.^  SKlf- 14 dB, CRT ~ C'i.r (YC).    At un'loBw.^ of fcho  "3" ran^ ■' 

!.K y. circuit of two Uufcj of OVJD-K, üi;° „ ij c!ii)  fWT .. •;« tC /yg;    r0iiC 

•Key ob:;o.-vo  fch:-.:,   tho "Sultcblv"  r.-i,^ c}li  <juo avuJt-r^ry Clil: ;-,rv.l? ■-error,--"' 

■ j*r.«?o roc^hly to the  "Very Goo*"- r~r;ü<- or. tho ORT 2c-;;Ie.)   '1?remit«' hi 
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the "S" -range possess some margin to suffer additional impairments. 

A  "Tenuous" ("T") circuit is usable with some difficulty.    Users 

must adjust their speech patterns to speak slowly and distinctly.    Some 

repetition is necessary.   Users are unlikely to identify the other talker. 

Such a circuit will not be pleasing to most users.    The user's ability to 

perceive the nuances and emotional content of speech is severely impaired. 

The circuit has little or no margin to remain usable if additional im- 

pairment is suffered.   Although "Tenuous", such a circuit is usable and 

represents a worthwhile secure voice resource. 

The scale is arbitrary, judgemental* and thresholds should not be 

considered precise.   SMR measurements and analytical estimates display 

variations between methods.   Some pairs of users say communicate success- 

fully on a circuit of SKR somewhat less than 9 dB, while other pairs of 

users may find a 10 dB SNR circuit to be unusable.   Noting these qualifi- 

cations» we employ the scale of performance to aid in an examination of 

the relative merit of circuits of tandem links. 

ANALYSIS OP TACTICAL CiBCUITS 

In this section we present a tandeming model of the tactical sys- 

tem that is useful to aid in visualising the many possible combinations 

of circuits  of tandem links.   An inventory of tactical circuits is ac- 

complished and analysis is performed to estimate SHE performance.   Im- 

pairments due to ISI offsets and channel errors are examined by consider- 

ing selected examples. 

A Tandeming Model 

We seek to examine the performance of typical circuits in the tac- 

tical system during the transition of the l980*s.   The segmented "tennis- 



«ul   d'c^-yra;: of Figure -• provided one abstract perspective of voice tan--" 

<teai»y    Tlv? ''i-ijram of Figure  11 displayc a amplified configuration of 

,;thft 'tactical'networkina theater of operations. 

Figu-o 11 rep^-ssnts a simplified "snapshot" of a. system layout 

that, ir, rcaoaiabln.for a tno-Corps theater in the late logo's.    ye.aas.iuie 

that steady progress will "be made in fielding tactical assets to realize 

the -r.TOiCS Obj-MtAvs System. 

The diosiond--shaped nodes represent nodes of the !iSA subsystem, 

s. 16 VB/R network in the division area serving 1ST and CIIR subscribers. 

The rectangular nodes represent the digital .»witching raatrix of the Unit 

Level Switch (Uis) or the ITC-30.   The circular nodes represent 4-wire 

analog switch nodes {e.g., the SWK of the TTC-39,  or the TTC!~38);    The 

triangular hodec, represent manual analog switches (2 Wire operation). 

The; coni.cctions between nodes are dotted or wavy.    The dotted connections 

represent digital trunks between digital switches.    (Note that no conver- 

sion to analog is required along a dotted, path connecting digital switches.) 

The wavy connections represent analog trunks,    (in general, the analog 

trunks arc provided  uoing the .PCK-48 A/D and D/A converters of the TD-&0 

Multiplexer.    The transmission is digital,   but the  trunks are analog ones 

connecting analog svritehes.)   The slice-of-pie shaped fans represent ex- 

ternal paths to IJATO or the DCS. 

Figure 11 ic useful to assist in visualizing the various circuit 

paths through the network.    A catalog of various circuits of tandem links 

raay be ybtaino^ by inspection.    The Corpc; ou the left,  for exauiplc, ir; 

equipped with TTC-3? switches,  unit love 1 britches, the ESA subsystem 

digital trunldng, and D57T secure terminals,    CiiR,  JET,  and D3VT subscribers 

«ay be connected by one digital link if P digital trunMng path is avail- 

able in the network.    If a connection between such users Is accomplished 

«.»mi 
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; ty -crnr;.-;o\r-r to' «ü^IOö trarSs, .?■. tonden circuit results suoh as that .117 

■" jv.5tr?tc-d. lr. Ff^ir*? £n, 

T'.JS.OD^S on tli-3 right aide of Figure 11  ir   r^uippod prodoiiinn+^ly 

«Mh .'•??-03 -"^«tn (oi-;'.10ö traute on-?, witches).    Trader: ■ linfcK of Kt'~>*€. 

ocorr *:■  Mir region, 

'"IT; m's+ciiguL^' sitf flicawftcJ-shared ai#tal notes .wy Vs intercom--' 

«wc*«v' ..-H! :-e%W  trajV.Uö'byaatellUo. 

Tv the ::r-t culnoction we oxairinci circuit cxarawlsp,. 

Tr.rstl.ca.?. Circuit Kxa-ylor. 

In this-, subsection ve examine topical circuits internal to the 

tan^oa?   xxCtWork of Figure 11,    We consider circuits with up to  si* tahdeiu 

linte of rCT^:-fte,; 0V3D-32, and CYSD-16.   The SKR psrror,nancö of such 11 ^s 

•io+.-ii?.o£ Jutho previous .-.esilcsi la allied ia this -section to ostinato 

f'i'.-Ruli Giil; jÄrf onu&iica.    Ckyiiricl error;; arid 1ST, off cots arc .?o:nsidQraä 

in r.pe?.1.Fic circuit erajnples. 

vfo continue the notation us*J in the discuco ion of tho  "tennis- 

vi~\V nodel of Figure 'v in Chapter 2.    A auobar presents'-«» I in* af 

followsJ 

Typo of Link 

1 
2 
3 
h 

CVS»-16 
CVSD-32 

In this manner, (i-2) reproaentc a circuit or. tvo links  — one c* 

CVCD-16 and one of CVSD-32.    In this subsection we a0 not consider links 

of ITC-?.4. 

As an introduction to tho' tmthoelo of this cobroetiou. lot us con- 

sider tanden links of FCM-US.    w*« 12 display tha SS* at the ~*,«< ' 

of a circuit of K links of Fck-V, for !•' = 1    0 '     «, 
'     ■      *•» ■*"»   '•• »r   ~»   Tlires condit^O'vr 
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are considered. 

The upper curve is a plot of the SNB performance assuming 4-wire 

snitching.    (No ISL offset obtains.)   The SWR for M links is computed 

using equation (4-3).   From Figure 10, the SNB for each individual link 

is 25.5 dB.)   For this ideal situation,  performance remains \uali-ty". 

The middle curve is plotted for 2-wire switching, for which a 

3 dB decrement in ISL occurs at each switching node.   The SNB operating 

points for each link are obtained from Figure 10, and the output SNH com- 

puted using equation (4-3).   Notice that the performance for 5 and 6 

links declines into the "Tenuous1* region» 

The lower curve is plotted in a similar fashion for 2-wire swit- 

ching and an additional 3 dB loss in ISL at each node.    (This condition 

is a net decrement of 6 dB in ISL at each node.   This situation would oc- 

cur if a wireline loss of 3 dB exists in each switching node.).   Notice 

that performance declines to "Tenuous" for ** links and "Useless" for 5 

or more links. 

This discussion of Figure 12 demonstrates the Importance of ISL 

variations in tandem links of FCM-48.   The performance of PCM-48 may re- 

present a key limitation of tandem-link performance in the 1980's 

Consider the circuit of two links of PCM-48 interconnected by a 

wireline trunk with 15 dB loss (e.g., a 6 mile wireline).   Refer to 

Figure 10.    The first link of PCM-48 has SNR » 25.5 dB.    Assuming 2-wire 

switching,  the ISL at the input of the second link of FCM-48 is -18 dB, 

so SNR « 12 dB.    The output SNH is 11.8dB,  a "Tenuous" circuit.   This 

example is contrived to illustrate a worst-case situation.   Notice that 

the talker could shift the operating point on the second link to a more 

favorable position by speaking more loudly,   but such action shifts the 

operating point of the first link down the other side of the performance 



:•<••:■>,    TC ■;;,'>:-; r, .-hift were accomplished so thai the 3i-iR on the two iixkr. 

nre ^u».l ■(?* 3,31 *=  15 <&),  then the output 3KB ic  i? <?3. 

Q:v.-Li:;T-r Circuits.  "The circuits of one link have already been 

(?1£CU:;-;ö--7 ,    Lot us suMiarise, 

U:-;«»rn connected "by one link of KJW-^8 enjoy a  "reality" circuit, 

(Se~ ^..ure 10.)   The jealt SER"is 25,5 dB,   and performance declines to 

I? <*:•: if r.ho T3I- lö decreased "by 20 dB froir. the nominal.   Bat on a one- 

lh.k cirov.i-t ths tsJksr ray simply sp-j?£ louder or closer to the microphone 

to ;;Mft the lim operating point into the  "Quality"' region,    FCJ1 is sev- 

erely .digram by channel errors of »1 to 1/1, but'laultichwhcl radio links 

'fcoraally provide satisfactory error perfornsnee. 

Users linked by QVSO-32 also enjoy a "quality*' circuit,   "'SHB =■• ?h 

d3 with ao orrorsj"','and performance declines,, only to SNR '«--' 21,9 d.3 for er- 

ror rates .-3 high ao l&   The link roimtns a "Quality" one over s. wide 

rnr.t.-e of I3L due to the adaptive companding of OVSD.    Performance degrades 

to "Tenuoun," Slfl*> 12 dB for a 10# error rate.;' 

■ U:;hrt. linked by GVSD-1S obtain a "Suitable M circuit of SMH =- 16 dB. 

2r-o:-;-; do„;rade pse-fornence to SKR - 15,7 aE for :. 1% orrcr rate,   and to 

■ SUP •• ?.?;f.S for a 10/J error ratf).* Ierforrianoe i;; ecccntläliyuochan-ved. 

over 3 vrldn range of TSL, - 

Tvo-LivJ; Circuits, ' Vo corridor eoailiictlorus of three types of 

liii!-* [OVZn-i:,  CV3T)-32,£nö FCF-Hr;) «-rru.ei^ 5« t-^dcint; of tv;o li.ivfe. 

TVre arc- 

(7 + y *) ♦ 

such contbinstious.    The tandcin coabinatJyjar. .r.-"c 11 r«^ V T-V.T« 11 

The f->et oolutin of Table il i- ?.   :vj!po«cW.i..;.liber for eaW o*" 

cn,sy reference.    The second col^u"li.-+c   tL^ r^ocition of link* in 
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Table 11 

9     OJrcuJ.t 
Cox,>ösitioü 

Circuits of Two Links 

IT. Such 
a Circuit 
Llfely? 

output sim a,3 
(Doccriptor) 

GST if 
Known 

I*. 

(l"'f) 

(2-Ä) 

■(Ä--4) 

(HO 

I;o ? 

.ilo ? 

Yes 

No 

Yes 

Yes 

13 ("T") 

15.'> ("S") 

15.5 ("s") 

21 (V) 

21V? {"a") 

81.8 

8fr..1 

88.2 



H eis  «v» 

weh f^v-.,U,   ,?i-.p third col„:.ni contains a Judgor.Bftt as' to whether such 

= circuit  *.r l-lTt^ly  it 'ii;*"'t?«t;cal syster:..    {A ^e-ticn :crrl: entry öe- 

not^o Ui.co-tris;-1:,/,)    The' fourth colU3W contain;; tho output &.S j,cr.-e'onrc.n^e 

:    for *l.R'c.-?.r;'-U (.r.i'3 th" shorthanc! description in jaxcuthcsio).    The fifth 

■;.'coluw.. 1«.-,tc the CRT scors, if available from the ISGOM tests,    Kote'that, 

the p.r-.-fc.-'-p.or.f'ö lir-to* in IMb 11 is noßiiKilj inpairmout due to channel 

errors nu^i tSI, o'ftsota .a?* not considered. 

Circuit ;:": yields porforainec at the {"TV'S") bounrcry <S2!H> 13 

d3).    Such a circuit nry to •-.voided iu the  tactical'syatea if a digital 

interface is accomplished bötsreeu GÜR onr5 KSA riutsyctems, and if the '»ual-:; 

rate- sethod in ij^l-^iontod at the ?2 3i3/s multichannel oystoa boundary, 

(*'.s vr.r- rioter" in Ghopfcsr 3» if those two coaditionn ar'-s n:et, then direct 

difCjitr'l l'i«!;r, arc possible Lctveon all DSVT, I.'ST, 'and  CIS users— pro- 

vided that r. digital trunfcin/; path is available.    The .proviso may be iset 

■■■'hi' allocation of digital transmission'reno-urces.)    \te  conclude that cir- 

cuit vi'l chou?.d l;o avoided,  if possible  (by directly connecting; users with'..'- 

one liiik) .    (Circuit:; #1 and "-h my occur in conference ' connectione if an 

--.nalo- brii^o "is cu;;lojed.) 

Circuit n yields SilR ~ 15»'* dE ("S"),   'such a circuit may be 

avoided if the conditions discussed for circuit 81 are mat.    A one-link 

if k3/« connection vrould obt-in. 

Circuit jQ (SJf? « l^o <33> will oRcur on connections between GKR/ 

HS? utfftfr: nnfl analog ucers that rre one rC]-l~'tö trunk diatani from the' ana- 

log in+/<x"Pr.co f.oint. 

Circuit /^ (Kffl - n «0 nhouW not occur in the tactical'syctea,  - 

because an interiacdiate conversion to ojialofc la unnocoasary (and undesir- 

able) on <-.v digital path.   Tho ecünc-et* on chould be accon-lished as -a direct 

.■•link.    (Conferencing ic a por.cibli exception.) 

fOE orei Hsu oso 
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Circuit #5 (SNR « 21,7 dB) will occur on connections between DSVT 

users and analog users (that are one FGM-48 trunk distant from the analog 

interface  point). 

Circuit #6 (SNR «• 22.5 dB) is a common one between analog users» 

To summarize Table 11, in the absence of additional impairments 

all likely two-link circuits are "Suitable" or "duality.M   Circuit perfor- 

mance is enhanced if (1-1),  (1-2). and (2-2) connections are avoided (i.e.. 

replaced by direct links). 

Let us consider two-link circuits that include channel errors 

and ISL offsets.    We select several sets of operating conditions for 

illustration.   The conditions and the results are listed in Table 12. 

The sequence number in the first column is keyed to Table 11, 

. and the letter which follows Identifies the particular circuit impair- 

ment conditions selected for illustration.    The channel error rates are 

listed pairwise in the third column in the same order as the links are 

listed in the second column.   Similarly, ISL offsets are listed pair- 

wise in the fourth column.    Output SNR is shown in the fifth column. 

Circuit #la shows that a \% error rate on each of the links of 

Circuit #1 leads to an SNR « 12.2, a slight decrease. Circuit #2a has 

10# error rate on each link resulting in 8KB » 6.8 ("U"). 

Three-Link Circuits. There are 10 circuit combinations of three- 

links composed of CVSD-16, CVSD-32, and PCM-Jf8. The performance of these 

circuits is listed in Table 13. 

Circuit #12 will occur on connections between GNB/MST users in 

different MSA subsystems which are not linked with digital trunking. 

Such a curcuit has order (1-4-1). 

Circuit #15 will occur on connections between DSVT users accom- 

plished on an analog trunk of PCM-48.   Such a circuit has order (2-4-2). 
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Table 12 

■•'o-Liiik Circuits Kith Impairments 

CVcuü 
Coir^ocitiou 

Channel ISrror 
Rate (^) 

3SL Offset 
(   -^ ) 

Output SER <32 
(DoBcriptor) 

a": (i-1) ■■i,l ■ - ii?.Ä     ("?") 

lb 
\J-     ■>■) 10,  10 

(1-2) 1 . 1 -■'■■■. '..14 .ft     ("3") 

3a ■,'(1-4) ■   .1 , o '■ ■ 0,6 I'M     ("S") 
v.. ■(1-/0 10, 0 0,6 Q./..      (»?«) 

■1-. C?-2) 1 •* 18.9     ("Q") 
'»b (*-'?) 10, 1 - 11.6     ("?") 

5a (.?../:-) 1,0 0,6 ; lo.i   ("Q"> 
* =.'-a .(/^O 0 , 0 6,6' 19.3     (u<f) 

(^-'0 0,0 .0,18 11.S     ("T") 
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Table 13 

■'Circuits of Three Links 

tf 
OoMpocitioji 

A Lifcoly 
Circuit? 

Output 3iiH dB 
(Ttescrii-tcr) 

CRT if 
■Kwowu 

10 Ci-i-i) ■«o ("T") — 

11 (1-1-2) ifo 12.? ("*") ^Q. 1 

12 (l-l-<0 "/es 12.8 ("T") - 

13 (2-2-1) ?fo ? V',.?. ("S") 

14 (2-R-2) Ko'- 19.2' W). ■8?.i 

15 <?-2-/f) ■Yen 19.? W) -'•• --:- 

<S (fc-fc-lj. Yes 15.1 ("S") - 

1? (J!_/l_?) i'cc- 20.1 ■(V)';-: 
■"■'*• 

ltf (A../i-./..) Ye:; ?0.? CV) - 

••? (1-2-4) Yos ? ■ ; 15.0 ("3") -   ' 
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..' >■    s 
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■coii-?.uJ3  th-t of tho 3ir llkoly four-15.uk "ire***:.:, tiire* a:os 'fyiall'ij-", 

tvro *-.- "Suitiile", ■•and as« ,2S  "Teauoiu?".     Oir«ui+ ,-M   would occur in 

Ihn c-rnr (i-'i-t-l).    fcjo circuit is art «-toMilon of ^12, the likely 

■■tlu.-iC-lJVi'c Rli-rjifwAtii "Tenuous" retlr*,     "..'c IKH:C that circuits *i2 

: ?w» !'<l KOUM not occur 15 digital trunkiiig  lr. irovldcd  Lotweeh CITB/llSA 

■■.wen- *;oj,:i;;uaM,i':o. 

P^/n-üa!- Circuits,    There ore 21 circuit ooakbite.tloa3 of fivo 

Uli!:::.    fbf j^r^or^jjso 0? elector? fiv»-IirJ: cJ-rivitc  ••£ l^t«ft  1 r, 

Tu'-lr- -?'..     v cou-il'j»? that of the ci6ht lifrcl,, f«v'.;-lii& circuits, .four 

am •,Ou?'l.iiy">  two fcro "Suitable", atid two arc 'Yoruiou::".    The t:ro 

>xuour.w plr-Mlts (^55 and 5') are »xtrnsioto of the   "TC&UOJS" four- 

..ili.T'. oi,<?.--. rf^-r-ssd above.    The same conelueion follows* 

JSuas«?,.    Ift this GUbcectioii an^lynic wac  i-orfor:K?d to entoblish 

■■3:i» ,or^wr.üeo of circuits of taadcri 1*:*« in the tastiesl network.   n~ 

.«•.•Ft f.r.  lifted eirnuite of tande-n Ifnlrn ^j^ ^uJtablo" or ^uftHtj" 

■l.orfor^nM;:3o »i'oialo avallaU«to wooaiwdatr* ^ditioun.1 i&iairawrte 

not lnolud.ee! Hi tho analysis vhSch ;*xy ocW in ^ o^ratia^ EJStou.    The 

olrcuitr:  of "Tonuous" jerformsnee *-y V, ^voidod by' ^ovidl^ distal 

■■triiiiklug' between KSA caiffluiiitieo.    The  "tvi;,~pe3.k" CiiR  eurvo of/PCiÄ 
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Tobl«? lÄ- 

SWI-UIä ;C!!w«Ji+.e with ir-ieiKsaitc 

Jt 

Co.v,o.-dtiou 
Ohann 

Rat 
Error 

00 
ISL 

(■ 

Offset 
-dB) 

Output'SKR -5B 
(Descriptor) 

■io- 
A0.  -'•   -A/' 1 , 0 , 1- ' - 12.0    ("T") 

in- ■;(i-*-i) 10, 0 ,10 - f,   n     ( •••fiiiV 

i?C (i-^-i) •i o , l 11. C    ("T") 
1 <_ ^•^-i) ;.; o, 0 ,10 ■<    r> O    O '     / "rnH\ y»y     v    i   / 
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Jir-TuitB of Four Lin!", 

.a 
A IJJroly 

■CMr«v.!t? 
Output 3I.*n dl- 
(Descriptor) 

/7RT if 
Kr.ov.ii 

■30 IvO 1«   <->      f «rn«\ 4?o.5 

31 410 /  ~ 

■32 0-1-1-4) :-"o ii.e   ("T") '.-'.■ 

33 (?-2-i?-l) i:o 14,3    ("3") no    p 
;' V » V 

3^ (?-?-2-2) i.c ice  C'V) - 

35 (r-?-?-if) ;:o 18,3   C'T) 
■    ■" 

(/.',--!.'..J|._i ) r'v 14.?   ("3") 
.■/      ~ 

(.l-ti-lj-Z) Vo- 19.0   CT) ~ 

3? (>!..U:..4_.j) Yen 1<3. ^    f ""-;"} - 

*>.o (i...l_?„9N ICo 11.?'   ("T") f.r r>   ■ 15.C 

40 (i-i -2-4) ;.o ? 12.5    ("T") ' .. - 

41 (i~l-iu»+) "r;s is.5   ("T") 
■'•"-' 

42 (?~2~4-i) Ko 14. h   ("3") - 

•3 .■(?~?Ju.j)' if:;; IS.?   (V) ■'    - 

44 (ii.Jl._i_-) Yoc -'■•.*   (''S") 
■  -■-■..' 
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:lcftw3 Cirrult3 of Fj.v<?  linke 

50 

52 

53 

■55 

■»» — 

Gor-v-oclMai 

\ """■"•• "^/' 

(r?.0_0.j! J' > 
V" "  '•   ''    v 

(yiJ<..j.t.Ju2) 

(i-l-.0-.44) 

■(2-2-';-.l-.<:) 

(2-2-k-h-k) 

A Likely 
Circuit? 

YCö 

l'ec 

.'-183 

Teo 

Yes ? 

Yec 

Jon 

output SJ;S <D 
(Descriptor) 

17.0  ("SVn*'} 
' n   s;  Y "'."N 

13.2   CV) 

1C.5 CV) 

.12.3 ("r") 

12.3 ("?") 

I'M ("3") 

17.9 (TO 

;.'J.?*3S3. Kor «in ii 



is a factor in tandom-link performance if level offsets occur. Con- 

clusion" an'd recommendations are given in Chapter 5» 

The analysis in this subsection does not prove that satisfactory 

performance Kill be obtained on the circuits examined. Rather, the ana- 

lysis provides a useful estimate of relative performance'. 

One important factor not considered in this section is confer- 

encing. If an analog bridge is implemented to accomplish conferencing, 

; then one additional tandem link is included in each conference circuit 

path. Such operation would result in additional "Tenuous" and "Useless"" 

conference paths. One interesting alternative to analog-bridge confer- 

encing is push-to-talk (half-duplex) operation with a "one-to-many" 

(k-Kire) digital-switching matrix as the conference bridge. 

EXTENSIONS CF TACTICAL CIRCUITS 

Let us consider the extension of tactical circuits into other 

regions .of the overall DoD System. Recall the discussion of interoper- 

ability between systems in Chapter 3« ■' 

The preceding section focused on the (U.S. Army) land-abased, . 

tactical system (i.e., Regions I, II, and III of Figure °)- Circuits 

which exit Region I encoded as CVSD-16 may be extended into Regions V 

and VI without suffering additional tandeming impairment. 

Assuming the availability of digital trunking, a CVSD user in 

Region I, II, III, or IV nay establish a circuit of two links with an 

LPC-2.4 user in Region IV or VII. Thus, system-wide interoperability 

of secure voice users obtains in Regions I through VII if the (1-3) cir- 

cuit is satisfactory. Test results indicate that the (1-3) circuit 

(CVSD-15 in tandem with LFC-2.4) is acceptable if channel errors are not 

excessive. One may speculate that such CVSD-16 links may be extended 

; 
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Chapter 5 

PIKDIKGS 

In this chapter we detail the conclusions of the »search, offer 

recommendations, and summarize the study. 

. CONCLUSIONS 

This section has five subsections.    First, we examine the U.S. Army 

System.   The approach is to interpret the SNB performance results of Chap- 

ter 4 to determine if isolated subscribers will exist in the system, and 

to draw conclusions which relate the occurrence of tandem links to the 

reliability of voice performance and the capability for data communications. 

In the second subsection we broaden our perspective to consider the 

overall DoD System.    The discussion makes use of the SNR performance   re- 

sults of Chapter 4 to examine the question of Interoperability "between 

systems introduced in Chapter 3« 

In the third subsection we examine secure voice conferencing.   The 

fourth and fifth subsections contain technical and tactical observations 

respectively. 

In the sixth subsection we summarize the conclusions of the study. 

A discussion of conclusions is given» a concise summary is stated; and the 

detailed conclusions are listed. 



The U, S.  Army System 

In this subsection we interpret the  performance  results obtained 

in Chapter- 4 for circuits internal to the U#S. Array system, 

Circuits internal to the U.S. Army system of the 1980's will be 

composed of tandem links of CVSD-16, CVSD-32, and PCM-48,   Let us examine 

the calculated SNR performance results detailed in Chapter k.    The    SMR 

for circuits of two,   three, four, and five links are given in Tables il, 

131  I5f and 16 respectively.   The numbers of circuits that fall into each 

of the four ranges on the arbitrary scale of performance are listed   in 

Table 17.    The column labeled "Two Links" summarizes the results of Table 

11; there are three likely circuits of two links; "Quality" performance^ 

is delivered by (2-4) and (4-4) circuits; a  (1-4) circuit delivers  •'Suit- 

able" performance. 

Kote that the performance results summarized in Tables 11,  13. 15« 

16, and 1? provide an estimate of performance due to quantizing impair- 

ments alone.   That is, impairments due to channel errors, level offsets, 

acoustic background noise, and noise corruption at analog tandem points 

are all ignored.    Thus, these results may be considered to represent an 

upper bound on circuit performance. 

Various examples of circuits with channel errors, and level off- 

sets are given in the discussion of Figure 10, Table 8,  Figure 12,  Tables 

12 and 14,   and in the discussion at the bottom of page 94.   We may    con- 

clude that channel errors, level offsets, and noise contributions    at 

analog junctions are important factors in circuit performance.    To aid 

in the discussion, let us assume that impairment due to these (more or 

less) unpredictable effects will typically degrade the circuit SNR    by 

0.5 to 3dB per analog junction link included in the circuit. * 

ran crm WL m 



Table 1? 

Distribution of Performance of likely Tactical 
Circuits (of One to Five Links) 

Performance 
Description 

One 
Link 

Two 
links 

Three 
Links 

Four 
Links 

Five 
Links 

Quality" 2 2 3 3 4 

"Suitable" 1 1 2 2 2 

"Tenuous" 0 0 1 1 2 

"Useless" 0 0 0 0 0 
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We note that the circuits rated as "Tenuous" in Table 1? are 

rather likely to become "Useless" due to additional impairments.   The 

"Tenuous" three-link circuit is a (1-4-1) path (#12 In Table 13) with 

12.8 dB SNR, so additional impairment of 3.8 dB or more renders    the 

circuit "Useless."   The "Tenuous" four-link circuit is a (1-4-4-1) path 

(#41 in Table 15) with 12.5 dB SNH, so additional impairment of 3.5 dB 

or more renders the circuit "Useless."   The  •Tenuous" five-link circuits 

are (l-Jf-2-4-1) and (1-4-4-4-1) paths (§55 and 56 in Table 16) of iden- 

tical 12.3 dB SNR, so additional iapairments of 3«3 dB or more renders 

either circuit "Useless." 

Observe that the four Tenuous" circuits are all variations of 

the same catagoryj that is, two links of GVSD-16 interconnected by com- 

binations of CVSD-32 and/or PCK-48 (i.e.,  (l-( )-l) circuits).   Refer- 

ring to Table 11 we note that the Tenuous" two-link circuit (#1) is a 

(1-1) path  (which was judged to be unlikely) with 13 dB SNH, so addi- 

tional impairment of 4 dB or more would render the circuit "Useless*" 

The four likely "Tenuous" circuits result in "isolated" sub- 

scribers in the system,   tfe define a pair of subscribers as "isolated" 

If they may only be connected by a circuit which is 'Tenuous" in the 

absence of additional lnpairments.   Such a definition is reasonable be- 

cause the probability that a Tenuous" circuit will be rendered "Useless^ 

(due to additional impairments) is unacceptahly high«   Another point of 

view is that the performance margin available on a "Tenuous" circuit is 

not sufficient to provide reliable service to the user.     Still another 

viewpoint is that even if such a  'Tenuous" circuit is useable, it should 

he avoided as a matter of routine. *■   Let us  agree to apply the label 

''isolated" to any pair of users connected by a circuit that is "Tenuous" 

j POK %\W£W!WS 



IMTlWflL'ViH. UHU 
due to quantizing noise alone, 

A helpful interpretation of "isolated" user pairs nay be gained 

"by thinking of the additional impairments as a random process.    The ad- 

ditional impairment on a particular circuit is a random variable which 

is a function of all the independent randon phenomena along the signal 

path that affect performance. 3 

The notion of the random nature of circuit performance is illus- 

trated in Figure 13.    The curves represent the probability density func- 

tion (p.d.f.) -^Ofi- for selected circuits of one, two,   three, four, and 

five links (parts (a) through (e) respectively).   Each p.d.f. curve  il- 

lustrates the frequency of occurance of a circuit as a function of SHR-^. 

The ordinate represents probability of occurance. ^   He  may think of 4f(f^ 

as the density function of a given circuit at different times ( e.g., a 

fading circuit, or a circuit that degrades at night) \ or, we may think 

of fJ$ as  the density function describing the various possible circuit 

paths at a particular time. 

The curves sketched in Figure 13 illustrate the  concept of the' 

variability of circuit performance due to random impairments.    (The 

shape and extent of the curves represent the opinion of the Author. 

These random impairments are very difficult  to quantify, and extremely 

difficult to measure in a meaningful way. ^)    The circled point at the 

right-hand extreme of each of the curves is  the upper-bound SNR perfor- 

mance which results from quantisation impairment alone. 

The one-link circuit (of CVSD-16) illustrated in lart (a) of 

Figure 13 displays a narrow range of variability (i.e.,  the p.d.f. 

curve is narrow).    This is true because there are no intermediate analog 

tandem links in the circuit which may contribute analog inpairments. 
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The variation in SNR performance is due to the channel error rate.    Such 

a link remains "Suitable" for error rates as high as 1% (refer to Table 8). 

Mote that such a link may become "Tenuous" or "useless" as the error rate 

increases• 

The three-link circuit of Bart (c) displays a wider range of vari- 

ability.    The wider range is descriptive of such a circuit because the 

performance is vulnerable to additional impairments due  to noise, offsets, 

and nonlinear effects.   The area under the p.d.f. curve is unity, so the 

fraction of the area which lies to the left of the 1jj - 9 dB line is the 

probability that the circuit performance Kill be "Useless."   Ve note that 

as additional links are added to the circuit the p.d.f.  curve becomes 

more broad and the probability of "Useless" performance  increases. 

The discussion of the results of Table 1? and Figure 13 leads to 

the following conclusioni 

Conclusion #1»   lairs of users which are connected by a circuit 
that includes two links of CVSD-16 are potentially isolated.    Such 
circuits should be avoided. 

He note that such circuits may be avoided if digital transmis- 

sion connections are provided between communities of CVSD-16 users*     If 

so, direct one-link circuits are possible. 

Selected examples of circuits with additional impairments were 

considered in Chapter 4. The discussion of Figure 12 demonstrates that 

user-pairs in the present ATACS system may be Isolated due to level off- 

set impairments. Links of KJM-48 ate vulnerable to such impairment be- 

cause of the twin-peak SHR versus 3SL characteristic illustrated in Fig- 

ure 10. The performance of circuits of tandem links in the transitional 

system of the 1980's will be affected. 

ihm. lu. U«ti 
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Conclusion #2.   The SNR performance  of U.S. Army 48 kB/s PGM is 
sensitive to input signal level.   This fact is a consideration which 
affects the versatility of employment of FCM-48 in tandem-link cir- 
cuits  in the transitional system of the  1980*s. 

the judgements in Chapter 4 of what tandem-link circuits are 

"likely" in the 1980*s Here based on an optimistic point of view.    That 

is, an implicit assumption was made that the interoperability solutions 

(such as the "Dual-Rate" method) Hill be implemented Hithin the U.S. Army 

system.    If such solutions are implemented,   then the system design for 

the 1980*s is manageable and does not cause isolated user-pairs. 

In contrast,  suppose an analog mode of interface were implemented 

to connect CNR subscribers to the snitched netnork.    The impact of such a 

choice is that a circuit from a CUR user to any other CVSD-16 user 

(another CNR, and MST user, or a CVSD user in the DCS or Navy System) 

Hould include at least three links, two of which are CVSD-16.   Thus, 

such user pairs nould be potentially isolated.   The point is that such a 

system design choice would guarantee that certain user-pairs would he 

isolated.  ° 

Conclusion #3.   The design for the U.S. Army tactical system of 
the I980*s is Horkable, and incorporates interoperability solutions 
which,  if implemented, will avoid the occurrence of isolated com- 
munities of users. 

The analysis of tandem-link circuit  performance detailed in Chap- 

ter k is based upon a simplified model which incorporates SNR as a mea- 

sure.   Such analysis is useful to estimate performance,  but many factors 

present in an actual working system are ignored in the simple model. 

Thus, further testing is necessary to determine what circuits of tandem 

links should be permitted in the system of the 1980*s.    The results of 

such testing will be helpful in the design of the switched system routing 

protocal, and will provide useful guidelines for system layout. 
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Conclusion #4.   Further testing of the performance of tandem-link 
circuits should be conducted to determine the utility of connections 
which include combinations of CVSD-16,   CVSD-32,  K2M-48, and analog 
links. 

As the transition progresses during the 1980's,  digital switches, 

transmission, and user terminals are fielded.   As time passes, an increas- 

ing fraction of users are equipped with digital terminals.    Concurrently," 

the sKitched network "becomes increasingly capable of providing direct 

(one-link) circuits to connect digital users«   Thus, as the transi"tlon 

proceeds,  an increasing fraction of user pairs are capable of establish- 

ing a direct circuit.   (On such a direct path, the information signal 

remains in digital form from user to user.)    Two observations followj 

one relates to circuit performance, and the other to data communications 

capability. 

Prom the discussion of Figure 13 it follows that the variability 

of the performance of voice circuits is decreased as the occurrence   of 

tandeming is decreased.   That is, circuit reliability is enhanced by min- 

imizing the occurrence of tandeming. 

We note that user-pairs that may communicate on a one-link cir- 

cuit gain a direct digital path from user to user.    Thus, such user pairs 

may pass data communications.   This fact appears to represent an impor- 

tant communications resource.   Early in the transition period, users 

that require direct data communications must be equipped with data modems« 

(which convert the data signal to "quasi-analog" form).    The modem permits 

a 600 or 1200 B/s data path to be established on an analog circuit.    The 

use of PCM-48 and CVSD links on such a path  leads to uncertain   perfor- 

mance of data modems.    (For example, dedicated circuits may be required 

to gain satisfactory modem performance.)   in contrast, note that user 

f 
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pairs served by a direct link may convey data communications at 16 or 

32 kB/s and no data modem is required.    The  contrast in  capability Is 

striking.     One page of facsimile datat for example, would be conveyed 

2? times more quickly on a 16 kB/s link than on a 600 B/s circuit.    In 

addition,   we note that the growth in data communications capability oc- 

curs without additional cost.   The capability is inherent in the service 

which the system provides to digital users* 

Conclusion #«>. The transition of the 1980's should be planned 
and implemented to minimize the occurrence of tandeming. Such an 
approach accomplishes two positive results. First, the variability 
of voice performance is reduced, so the reliability of user service 
is enhanced. Second, to maximize the fraction of user-pairs that 
may communicate on a direct link results in a significant increase 
in data communications capability. 

The DoD System 

Let us broaden our perspective to consider the overall DoD sys- 

tem.   The discussion of "interoperability between systems" which begins 

on page 66 includes a global point of view in which the  overall system 

is considered to be the union of various regions (see Figure 9).   Each 

backbone and access region of the system represents that transmission 

and switching network and community of users that are equipped with the 

"next-generation" of hardware.   Thus, each "backbone region is a homoge- 

neous digital network that provides direct one-link circuits to backbone 

subscribers.   As the transition proceeds in the I980*s,  an increasing 

fraction of the total system is converted to the configuration of Figure 

9. 

The "Dual-Rate " method of interoperability is now being planned 

and implemented to operate at each of the system boundaries joining   16 

kB/s and 32 kB/s regions.   The method permits circuits Khlch originate in, 

traverse across, or terminate in a 16 kB/s region to be established, as 



UU'fiiUtfU- Wit Uiwi 120 

direct (one-link) circuits (at 16 kB/s).    If such a method of interoper- 

ability is implemented then all CVSD subscribers of Regions I, II» III, 

V, and VI may communicate on a one-link circuit.    Thus,  voice performance 

is reliable, and direct data communications is possible. 

Conclusion #6.   The system designs of the various regions of the 
overall DoD system are converging toward a common target.   The -tar- 
get system is a 16 kB/s digital transmission and switching network 
which provides one-link circuits "between  CVSD subscribers.    Such a 
system contains no isolated subscribers.    Voice performance is reli- 
able and direct data communications is possible. 

Some secure voice subscribers of the DoD system may not obtain 16 

kB/s access, but must access the system over a narrowband analog channel. 

The channel rate on such channels is limited to 5 kB/s or less«    Thus» a 

need exists to extend secure voice service to narrowband users. 

A research and testing effort coordinated by the DoD Narrowband 

Digital Voice Consortium is focused on selecting ä single narrowband dig- 

ital voice terminal for use throughout the DoD system for those users 

who require narrowband service.    The candidate terminals include channel 

vocoders, and LPC vocoders (among others).    (We have adopted the label 

MLPC-2.4" to identify the narrowband terminal which will be selected.) 

The test results indicate that the two-link circuit composed of one  link 

of LPC-2.^ and one link of CVSD-16 is acceptable if channel errors are 

not excessive. 

To facilitate the discussion, let us assume that one link of 

LPC-2.4 degrades circuit performance in approximately the same measure 

as one link of CVSD-16.   Thus, one link of LPC-2.4 is "Suitable."   A 

two-link circuit of CVSD-16 and LPC-2.4 delivers performance which falls 

approximately at the "Tenuous/Suitable" boundary.    Such a tvo-link cir- 

cuit is useable, but has little margin to suffer additional impairments. 



We conclude that UPC-2.4 and CVSD-16 users are not isolated from one 

another If a two-link circuit can be established (and if additional 

impairments are suitably small). 

Conclusion #7.   A viable architecture for DoD secure voice may 
be based on a 16 kB/s backbone system which provides direct-link 
circuits between CVSD subscribers and which provides narrowband ac- 
cess by LPC vocoder users.    In such a system, circuits between sim- 
ilar subscribers  (CVSD or LPC) are of one link, whereas circuits 
between dissimilar subscribers are two-link ones«   Further testing 
should be accomplished to verify that the LPC vocoder to be fielded 
may operate successfully in tandem with CVSD-16. 

Me may describe such a system as a uniform 16 kB/s digital sys- 

tem with narrowband (IPO) access.   Such a system displays inherent in- 

tegrity because any secure voice user may communicate with any other 

user. 

Conferencing 

Conferencing is a user service that permits three or more sub- 

scribers to join in the same voice conversation.    To provide such ser- 

vice the various circuit paths must be interconnected at one or more 

"bridge" junctions.    The traditional method of conferencing is an "ana- 

log bridge."   Such a bridge interconnects all conference circuits at a 

common point (on a two-wire analog basis). 

The design of the TTC-39 switch incorporates an analog bridge 

for conferencing. 7   Such an approach adds one additional link to each 

conference circuit path.   The analog bridge approach will permit satis- 

factory conference service among the CVSD-32 subscribers of the multi- 

channel system.    In addition, one CVSD-16 subscriber may be included in 

such a conference.   But notice that if two or more CVSD-16 subscribers 

are included, then the interconnecting path is a circuit (of two or more 

links, two of which are CVSD-16)  that is "Tenuous," and potentially not 
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useful.   Further, if both CVSD-16 and LPC-2,4 users are included In a 

conference  connection, then paths occur which include two or three links 

of LPC-2,4 and CVSD-16 ('•Tenuous" or "Useless" paths). 

Conclusion #8.   A method of secure voice conferencing should be 
adopted which does not add an additional link in the circuit path. 
One such method is a push-to-talk (half-duplex with interrupt capa- 
bility) approach with a four-wire "one-to-many" digital switching 
matrix as the conferencing bridge. ° 

Technical Observations 

The results of Chapter 4 demonstrate that the irregular SNH ver- 

sus ISL characteristic of KJM-48 is a factor which affects the perfor- 

mance of tandem-link circuits.   CVSD includes adaptive slope companding, 

a technique which leads to a SNR versus ISL characteristic which is 

roughly "flat" over a range of ISL.   But, how wide a range?   The range 

is determined by the choice of the slope companding ratio (a design 

choice).   The current design incorporates a ratio of 12 to 20.    The use 

of a voice-actuated gain adjustment device (VOGAD) may further extend 

"the dynamic range. 

The point of this discussion is that the SNR versus ISL perfor- 

mance of CVSD is a key determinant in the performance of tandem-link cir- 

cuits.   The design of the CVSD implementations to be fielded in various 

equipments   (e.g., the CNR, the DSVT, and the  IMU of the TTC-39)    may 

Include differences of use of VOGAD, slope companding ratio, optimum 

ISL, and filtering.   Such differences may affect both end-to-end per- 

formance between non-identical terminals and the performance of tandem 

link circuits.    Improving the companding design may permit improved per- 

formance in circuits which include links of LK and CVSD. 

CVSD design improvements might be incorporated in the initial 

production version of some equipments, and retrofitted in others.    Im- 
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avoided, othor.Ua an avoidabie -*-4^, fc»^,. „oula ^ ^^ 

The variable channel rate strata „,».    «   * 
strategy summarized on page 64 is a 

terminal-oriented approach in which all secure voice ^ wuld fee equip_ 

ped with a terminal capable of various channel rates (e.g., fro» 60O B/s 

to 16 kB/s).   The idea is that the terminal could adapt to a mode of 

operation at a bit rate that may be accomplished on a particular circuit 

path.    In stressed transmission or network conditions the terminal could 

select a low rate (600 or 1200 B/s).   In unstressed conditions the higher 

rate would provide improved quality.   Such users could operate on an end- 

to-end digital basis (i.e., on a one-link circuit). 

There are several uncertainties and apparent disadvantages to the 

variable channel rate proposal.   First, the complexity of such a terminal 

is greater than that of LPC.   It seems unlikely that such a terminal may 

be produced in the early I980*s which will meet the difficult size, weight, 

and power constraints of the manpack, tactical user.   (Terminal cost is 

a related issue.)   Second, the approach has implications that reach far 

beyond the terminal design.   Adaptive channel rate features would be re- 

quired in all the transmission, switching and system control hardware to 

be fielded.    These fundamental system design implications may not be in- 

corporated in the TRI-TAC hardware now in development unless a significant 

delay is imposed. 

On the other hand, the central idea of the variable rate strategy 

night be incorporated into the narrowband terminals to permit operation 

at several rates (e.g., 1200, 2400, and 4800 B/s), depending on the avail- 

able channel rate.   The signal format could be constructed in a very sim- 

ple way, so that the 2400 B/s signal is a subset of the 4800 B/s one, etc. 

romiii 
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Thus,  improved performance might be gained on some circuits, including 

tandem links with CVSD-16. 

Tactical Observations 

The tactics, doctrine, and organization of the U.S. Army are 

evolving toward increased centralization of resource control." This 

trend generates new requirements for responsive, flexible teleprocessing 

and telecommunications. 

The "new tactics" depends upon an integrated intelligence system 

to permit the commander to "read the battle" quickly, and upon a respon- 

sive command and control system to permit rapid concentration of forces 

at the decisive region of the battlefield.   The doctrine to guide the 

joint coordination of combined arras to implement the "new tactics"    is 

incomplete.    But it is clear that responsive telecommunications is one 

necessary component of the evolving doctrine. 

The Echelons Above Division (EAD) organizational structure imposes 

increased reliance on responsive long-haul telecommunications.   Similarly, 

recent structure changes of logistics organisations (e.g., the Direct 

Supply System which emphasizes "throughput distribution") cause increased 

reliance on telecommunications. 

The trend is clear.   Responsive telecommunications needs may in- 

crease steadily over the next two decades.   Secure voice and data communi- 

cations resources are the key user capabilities needed to satisfy the po- 

tential new requirements. 

The growth in digital communication needs (both secure voice and 

data) is related directly to the limitations of tandeming in the transi- 

tional communications system of the l980*s. 

rojg esiii use ore 
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The uniform digital structure for secure voice provides direct 

(one-link)  circuits between user pairs»   Thus, the reliability of secure 

voice service is improved, and an additional data communications capabil- 

ity is available. 

Kot ice that the uniform structure is not sensitive to detailed 

knowledge of the needline requirements.   As new needlines are created, 

the system may satisfy the new requirements without a change in structure. 

The allocation of transmission link capacity nay be adjusted periodically 

to match the,actual traffic patterns. 

The insensitivity to needlines is a dimension of flexibility of 

operational capability that appears to be very important in future combat 

operations.    Our ability to define the needlines required in the I980,s 

and 1990's  is modest.    New weapons systems, -tactics, doctrine, and organi- 

zational structures are certain to appear in the next two decades.   We may 

only speculate today about what telecommunications needlines will become 

requirements in the I980*s and 1990's. 

Acknowledging the ability of the uniform system to satisfy new 

needlines In a responsive manner, we observe that one figure of merit 

which describes the utility of the transitional communications system is 

the number of user-pairs that may accomplish one-link circuits. 

Conclusion #9.    The capacity of the transitional system of the 
1980*s to satisfy new needlines will be enhanced by maximizing the 
number of user pairs that may communicate on circuits of one link. 
(Notice that this conclusion is a restatement of conclusions #5 
and 6.) 

The  interoperability solutions now in planning provide transparent 

interoperability at the various system boundaries in the overall DoD sys- 

tem,    Such interoperability permits direct one-link circuits to traverse 

the boundaries.   Thus, the occurrence of isolated user communities is 



avoided.    Cost and schedule trade-offs may be proposed which would Imple-. 

ment a system configuration which does not incorporate the interoperability 

solution at one or more of the system ■boundaries.   Such a decision would 

result in isolated communities of users and in decreased flexibility to 

satisfy new needlines. 

Conclusion #10.   Any system proposal that would not permit one-link 
circuits to traverse a system boundary should be carefully considered 
in terms of the communities of isolated users and the decreased ability 
to satisfy new needlines that would result. 

Notice that the interoperability solutions are not merely techni- 

cal details that should be resolved by engineers.   Rather, the solutions 

implemented will directly determine the capability of the communications 

system to support combat operations. 

Summary 

In this subsection we present a two-page discussion of conclusions, 

a concise summary of conclusions, and a listing of the detailed conclusions 

of the study. 

Discussion,   The performance of circuits in the DoD telecommunica- 

tions system of the I980*s is dominated by the influence of tandem links of 

digital voice.   Both clear voice and secure voice performance is dependent 

on the nature of tandem links arranged in series to interconnect subscribers. 

The various links that may be traversed in the hybrid transitional system 

include analog links and digital links of PCM-64, PCM-48,  CVSD-32, CVSD-16, 

and LPC-2.4. 

Both CVSD-16 and LFC-2.4 deliver performance that allows little 

margin for additional impairments, so that such links offer little versa- 

-tility in tandem connections.    FCM-i*8 and CVSD-32 performance provides ad- 

ditional versatility in circuits of tandem links. 



In general, circuit performance is inversely related to the number 

of tandem links connected in series.   Ihus, to minimize the occurrence of 

tanderains in the transitional system will maximize the performance of 

voice circuits. 

The system transition plans of the Services and DoD Agencies are 

converging toward a digital objective system that will provide direct 

digital 16 kB/s links between subscribers, . Such direct links avoid tan- 

deming impairment and provide secure voice users the ability to pass data 

communications.   Because the backbone system may be traversed without tan- 

deming, the extension of secure voice circuits into the narrowband access 

regions of the DCS and the U. S. flavy may be accomplished on a two-link 

connection.    If the two-link circuit of CVSD-16 and LK-2,4 is satisfac- 

tory, then narrowband access subscribers may communicate with all CVSH-16 

users served by the backbone system.   Further,  if "through-trunking" capa- 

bility to convey 2.4 kB/s signals is provided by the backbone system, then 

LPC-2.4 access users could all be interconnected on a direct link.    In 

such an objective system, satisfactory secure voice circuits may be estab- 

lished between every pair of users.   For these reasons, the 1973 policy 

focus on 16 kB/s secure voice may result in DoD-wide interoperability 

in the future system. 

The system plans of the U. S. Army, TRI-TAC,  and the DCS incorpo- 

rate the Dual-Hate method of interoperability at various system boundaries. 

The method is a workable one that permits direct digital connections to 

traverse the boundaries joining the (16 kB/s) MSA subsystem, the IHTACS 

(32 kB/s) multichannel system of TRI-TAC assets, the (16 kB/s) U. S. Wavy 

system, and the (16 kB/s) AlfTOSEVOCOM of the DCS. 

The U. S. Army system during the transition is a hybrid one    in- 



volving tandem links of PCM-48, GVSD-32, and CVSD-16.    Pairs of subscribers 

in the system will be isolated if an excessive number of tandem links is 

required to establish a connecting circuit.    The planning of the system 

configuration during the transition should incorporate the goal that tan- 

deming "be minimized. 

The performance of PGM-48 is sensitive to ISL.   This fact is a 

consideration which affects the versatility of employment of FCM-48 in 

tandem-link circuits.    Further testing is necessary to establish what 

combinations of CVSD-16, CVSD-32,   and JCM-48 will deliver satisfactory 

tandem-link performance. 

Concise Summary of Conclusions.   Some isolated user pairs will 

exist in the hybrid transitional system of the 1980*s.   The occurrence of 

isolated user pairs may be minimized by providing digital transmission 

paths to directly interconnect communities of 16 kB/s CVSD subscribers. 

The system designs for the U, S. Army System and the overall DoD 

System include workable interoperability solutions.    By managing the tran- 

sition in an enlightened manner, the reliablality of secure voice communi- 

cations may be enhanced and the operational capability to satisfy new data 

communications needlines may be increased. 

Detailed Conclusions.   The detailed conclusions of the research 

follow t 

1. Pairs of users which are connected by a circuit that includes 

two links of CVSD-16 are potentially isolated.    Such circuits should be 

avoided. 

2. The SNR performance of U. S. Army 48 kB/s PCM is sensitive to 

input signal level.   This fact is a consideration which affects the versa- 

tility of employment of PCM-48 in tandem-link circuits in the transitional 



system of the l980*s. ■ 

3.     The design for the U* S. Army tactical system of the 1980 *s 

is workable, and incorporates interoperability solutions which, if imple- 

mented, will avoid the occurrence of isolated communities of users. 

k.    Further testing of the performance of tandem-link circuits 

should be conducted to determine the utility of connections which include 

combinations of CVSD-16, CVSD-32,  PCM-48, and analog links. 

5o    The transition of the l980's should be planned and imple- 

mented to minimize the occurrence of tandeming.    Such an approach accom- 

plishes two positive results.   First, the variability of voice performance 

is reduced,   so the reliability of user service is enhanced«   Second,  to* 

maximize the fraction of user-pairs that may communicate on a direct link 

results in a significant increase in data communications capability. 

6.    The system designs of the various regions of the overall DoD 

system are converging toward a common target.    The target system is a 

16 kB/s digital transmission and switching network which provides one-link 

circuits between CVSD subscribers.   Such a system contains no isolated 

subscribers.    Voice performance is reliable and direct data communications 

is possible. 

?.    A viable architecture for DoD secure voice may be based on a 

16 kB/s backbone system which provides direct-link circuits between GVSD 

subscribers and which provides narrowband access by UPC vocoder users.    In 

such a system, circuits between similar subscribers (CVSD or LPC) are of 

one link, whereas circuits between dissimilar subscribers are two-link 

ones.    Further testing should be accomplished to verify that the LPC 

vocoder to be fielded may operate successfully in tandem with CVSD-16. 

8.    A method of secure voice conferencing should be adopted which 

does not add an additional link in the circuit path.    One such method is 
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a push-to-talk (half-duplex with interrupt capability) approach with a 

four-wire "one-to-many" digital switching matrix as the conferencing 

"bridge. 

9. The capacity of the transitional system of the look's to 

satisfy new needlines will be enhanced by maximizing the number of user 

pairs that may communicate on circuits of one link. 

10. Any system proposal that would not permit one-link circuits 

to traverse a system boundary should be carefully considered in terms of 

the communities of isolated users and the decreased ability to satisfy 

new needlines that would result, 

RECOMMENDATIONS 

The following concise recommendations are offered t 

(i)    The occurrence of tandeming of voice links should be mini- 

mized in the transitional system of the 1980*s. 

(2) Further testing should be accomplished to verify what tandem 

connections of PCM-48, CVSD-32, CVSD-16, and LFC-2,4 deliver satisfactory 

performance . 

(3) Further testing should be accomplished to verify that the 

narrowband digital voice technique selected for use in DoD (e.g., an LPC 

vocoder) may operate successfully in tandem with CVSD-16. 

(4) A method of secure voice conferencing should be adopted that 

does not add an additional link in the circul-t path. 

(5) An objective system architecture for secure voice in the DoD 

system should be adopted that is based upon a uniform 16 k3/s backbone 

network which provides direct one-link circuits to CVSD users and provides 

access to narrowband users. 



SUMMARY " 

The research reported in this thesis examines some of the issues 

involved in the transition of DoD communications systems to digital oper- 

ation.    The focus of the study is the performance of digital voice links 

in series connections. 

The transitional system of the 1980's will be a hybrid network in 

which circuits will be composed of a variety of analog trunks and a mix- 

ture of digital links which employ PGM-olf, PCM-**6, CVSD-32, CVSD-16,  and 

LPG,   Both CVSD-16 and I*PC links provide little performance margin for 

additional impairments due to tandemlng and noise.   Thus,  the system con- 

figuration raust minimize the occurrence of tandem links* 

Isolated pairs of subscribers will exist in the transitional sys- 

tem if an excessive number of tandem links is necessary to establish con- 

necting circuits.    The design now in planning for the U. S. Army System 

and for the overall DoD System is a coherent one which may avoid the occur- 

rence of isolated user pairs.   The overall system is converging toward a 

uniform 16 kB/s digital network which provides one-link circuits between 

GVSD subscribers.   Such a uniform system offers reliable voice perfor- 

mance and direct data communications capability. 

To minimize the occurrence of tandeming of voice links in the 

transitional system will maximize the reliability of secure voice perfor- 

mance. 
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CHAPTER END NOTES 

1. These impairments are unpredictable to the extent that they 

may not be controlled by the communication system manager.   For example, 

an analog junction link (at a "crossover11 tandem point) that occurs with- 

in the TTC-39 switch is 'Veil controlled" and should add .5 dB or less 

impairment to the circuit»   At the other extreme, a wireline analog link 

in the series path may contribute 3 dB or more additional impairment due 

to level offset and noise.   If the wireline trunk may be selected to com- 

plete the circuit path, then the impairment is beyond management, 

2. Several issues of user acceptance of the communications ser- 

vice relate  to this discussion.   One may speculate that circuits of 13 dB 

SKR may gain user acceptance if such performance is reliable«    In criti- 

cal situations any, useable circuit (however tenuous) may be a welcome 

resource. 

3. These phenomena are physically distributed and are beyond 

orderly management.   The phenomena include all sources of noise (thermal, 

atmospheric, radio frequency interference (HFI), intermodulatlon,  jamming, 

power system hum, etc.), attenuation, and nonlinear effects on analog 

links.    Digital link performance is a function of the error rate (and 

the distribution in time of the errors) —which is itself a function of 

noise, attenuation, and nonlinear effects. 

k.    For a discussion of the p.d.f., see George R.   Cooper and 

Glare D.  McGillem,  Methods of Signal and System Analysis  (New Yorki 

Holt, Rlnehart, and Winston, Inc.,   196?),   p. 283.   The area under the 
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curve is unity, i.e., r~ ^^j J^      _ j 

The probability that a circuit delivers SNR performance of at least ^ dB 

is given by ^ /* v   -.    I- 

Thus, the fraction of the area under the curve to the right of the 

*l - 13 dB line is the probability that the circuit is "Suitable" or bet- 

ter.   (Similarly the fraction of the area to the left of £ « 13 dB is 

the probability that the circuit is "Tenuous" or worse.) 

5. An extensive program is undertaken periodically in the Bell 

System to measure the statistics of various circuit impairments.   Such 

data is useful in estimating the relative performance of telephone ser- 

vice, 

6. In a personal communication on May 18, 19?6» Mr. loren 

Dledrichson of the TBI-TAC Office confirmed that engineering implementa- 

tion is in progress to accomplish the "Dual-Rate" method of interoper- 

ability between the tactical multichannel system (Hegion I of Figure 9) 

and the MSA subsystem (Region II), the U. S. Navy 16 kB/s subsystem 

(Region V), and the DCS (Region VI).   Further, a digital node of inter- 

face for CNR users (Region III) is recommended in the "External Interface" 

planning document now being distributed by the TBI-TAC Office. 

7. In a personal communication on May 18, 19?6 Mr, Richard J. 

Linhart of the Switching Branch, Equipment Division, Engineering Director- 

ate of the TRI-TAC Office confirmed that an analog bridge is the current 

design choice for the TTC-39 switch. 

8. Issues of cryptosynchronization associated with this approach 



are beyond the scope of the discussion. 
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Table l' 

TRI-TAC Developments, Switching Subsystems 

1.    AN/TTG-39 

This development is the heart of the Phase I architecture.    It is 
expected to use its hybrid nature and universality to   bridge the 
gap between the predominant analog inventory equipment and the dig- 
ital devices now entering   the inventory.    It is full   automatic, 
under stored program processor control.    The circuit switch is modu- 
larly expandable from 300 to 2400 external lines.    The message switch 
has a 25 and 50 line configuration.      The switches have the capabil- 
ity for 100 percent security on digital loops and trunks. 

2.    G0MSEC Module for AN/TTC-39 

The COMSEC Module for the AN/TTC-39 «ill use electronic key distri- 
bution,    to attempt to eliminate the high logistics costs of   hard 
copy keying material.   It will incorporate LSI techniques to pro- 
vide reliable low powered security for digital loops and trunks for 
voicet data and other record communications.    It consists of Common 
Equipment Facility racks with associated equipment, Trunk Encryption 
Devices (TED), Loop Key Generators (JLKG's) and AKDC.    For the Static 
Subscriber Subsystem Loop Group C0HSSC a need exists to modify a TED 
to permit "stand alone" operation.   This effort is carried separately 
as a Phase I Improvement program. 

am me oe 



Table 2 *^ 
TRI-TAC Developments, Static Suecriber Access Subsystem 

1, Manpack Unit Level Circuit Switch 

The snitch will be designed to provide local service and se- 
cure voice service for subscribers who are physically located 
in areas served by current analog snitching facilities." It 
will be an all-digital 15-line/7 trunk portable circuit switch 
designed to interoperate with the other digital unit level cir- 
cuit switches and the AN/TTC-39, 

2. AN/TTQ42 Unit Level Circuit Switches 

The objective of this program is to develop 75 expandable to 
150 line transportable circuit switch designed to'interoperate 
with the other unit level circuit switches, the AN/TTC-39 and 
the analog circuit switches which are in the current  inventory. 

3. COMSEG Module for AN/TTC-^2 

The COMSEC Module for AN/TTC-42 must be operationally compat- 
ible with the TEHLSY equipment,.   Interfacing of inventory COMSEC 
would be done at the AN/TTC-39 or CNCE and not burden the ULS. 
It will provide the encryption and key distribution facilities 
needed to secure the digital loops and trunks terminated at the 
AN/TTC-42.   The R&D effort will result in modification to the 
DSVT and in a COMSEC version usable for the 30-line ULS of latter 
phases. 

ti* IJnit Level Store-and-Forward Modules 

The modules should be able to be accessed on a switched circuit, 
digital loop basis via either a unit level digital circuit switch 
or an AN/TTC-39 to provide message switched service at the unit 
level.    It should provide capability for sizes of 12 and 2k lines. 

5. Digital Subscriber Voice Terminal (DSVT> 

This development will provide a digital telephone which will 
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interoperate with the digital side of the AN/TTC-39»     It pro- 
vides the capability to terminate a data adapter to serve non- 
voice terminal equipment and includes integrated encryption 
equipment used to encrypt both signaling and traffic information. 
Traffic information is encrypted on an end-to-end basis with the 
key variable changed on a call-by-call basis.   Provision will be 
Jtiade to provide capability for use of a DSVT on an extension tele- 
phone basis, 

6. Modification of DSVT 

The modified DVST will permit it to be used with the digital uni* 
level switches and the mobile subscriber access terminal facilities, 
It will include provisions for operation in a net variable, oper- 
ation in a 16 kbps push-to-talk mode, clear text ring signal and 
a clear text traffic mode,    It »ill reduce the amount of COMSEC 
equipment which must be deployed with the digital level switches 
as well as implement the 16 kbps half-duplex mobile subscriber 
access subsystem. 

7. Digital Non-Secure Voice Terminal fDNVT) 

The DNVT is to be a telephone instrument optimized for non-secure 
voice operation.    It will interface directly with the TDMX of the 
AN/TTC-39, the Digital Unit Level Switches and indirectly with the 
DSVT via those switches.    It will be provided with minimum essen- 
tial service features to result in a low unit cost relative to 
the DSVT. 

8. Data Adapters 

The Data Adapter will provide the full duplex digital interface 
for data traffic dedicated into Store and Forward or circuit 
switched with a DSVT, through the AN/TTC-39,   Both synchronous 
and asynchronous    traffic Hill be handled.    The complex version 
will offer greater capabilities with respect to error control and 
modes-of-operation. 

9. Dedicated Loop Encryption Device (DIED) 

The DIED will be a key generator which can be deployed in a dedicated 
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mode to encrypt traffic carried on a loop.    It will interoperate 
with the LKG's in the circuit switch COMSEC modules,   the DSVT's 
deployed in conjunction with data adapters, and other 1>IED*&.   It 
will operate at a variety of bit rates between 4-5 baud and 16/32 
kbps. 

10, Tactical Digital Facsimile 
(AK/UXC-ft   ) (V)) 

This development will provide for high speed secure transmission 
and reception of low resolution black, white and limited gray scale 
graphic material over a wideband (16/32 Kb/s) digital channel.    It 
interfaces with the Data Adapter/DSVT and DIED.    It also can oper- 
ate over narrowband (3kHz) circuits interfacing with existing mo- 
dems and COMSEC equipment»   Operator selections will include data 
rates of Z,kt 4.8, 9.6, 16,0 and 32.0 Kbps operation. 

llf Composition and Editing Device (COED) 

The COED will provide assistance to users to assure that message 
traffic is properly formatted and that header information is com- 
plete.    The COED assemblage will be used for composing, editing, 
displaying, and monitoring message traffic.    It will interface 
directly with the Data Adapter/DSVT and DIED.   Messages can be 
manually entered in it6 internal aemory from a keyboard, dis- 
played for editing purposes,  and then transmitted over a data 
channel at rates up to 32 Kbps. 

12, Loop Multiplexers 

This family of loop multiplexers which will multiplex ij-wire» 
full duplex, 32/16 kbps digital channels into serial bit inter- 
laced groups and to demultiplex the groups into individual channels. 
The family will include loop group multiplexers (LGM), remote loop 
group multiplexers (RIfiM) and remote multiplex combiners, (BMC). 

13. Stand-Alone TED 

Modification of -the existing Trunk Encryption Device (TED) to 
permit the device to be deployed in a stand-alone mode and to 
achieve reductions in siae, weight and power due to the reduced 
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output requirements.   It must provide bulk encryption for digi- 
tal groups of 8/16 or 9/18 channels provided by a Remote Multiplexer 
Combiner or a digital Unit Level Switch. 

I**« Digital Loop Repeater 

A digital loop repeater is required to be used either singly or in 
tandem to extend the transmission range of a single digital loop 
beyond 4 kras. 

!.5. Shipboard UHF/LOS Transmission Facilities 

This prograr. Involves a study and development of a multiple access/ 
discrete address transmission facility which could be employed for 
communications among ships traveling in a company and. to provide 
network access for ships not equipped with SHF satellite transmission 
facilities.   Transmission will be 16 kbps digital and secure sub- 
scriber terminal facilities will be designed to permit end-to-end 
secure operation with DSVT's located elsewhere in the TRI-TAC land- 
based or naval systems. 

fljil Oifliiii ug ilfc^ 
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Table 3 
TRI-TAC Developments, Mobile Subscriber Access Subsystem 

*•   Basic Net Radio Interface Module 

This module will be used in conjunction Kith an analog switch    to 
provide single channel switched system access for secure net radio 
users.    It will Include an operator control panel, a wire termina- 
tion unit, a radio receiver/transmitter control unit which will be 
equipped with up to four different interface control devices,  and 
a non-secure warning tone generator. 

z*   Expanded Net Radio Interface Module 

This module will be used in conjunction with digital loop facili- 
ties of the AN/TIC-^0- or digital unit level switchboards   to pro- 
vide single channel switched access for secure net radio users.    It 
will include an operator-control panel, a modified DSTV, and a   ra- 
dio receiver/transmitter which can be equipped with up to five dif- 
ferent interface control devices • 

3«   Special Purpose Net Radio Interface Module 

This module can be used in conjunction with digital loop facilities 
of the AN/TTC-39 or digital unit level switchboards to provide sin- 
gle channel switched access, on a BIACK interface basis, for secure 
net radio users.   It will include an operator control panel, an auto- 
mated radio receiver/transmitter control unit, a manual R/T override, 
voice processing and crypto unit, and a wire line termination unit. 
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1.   Tactical Digital TTOPQ. AN/GRC-m 

This family of tactical tropo terminal« »m «»«Ä—J A 

channels  (32 Kbps channel rate) ITSL S«S ÄVJ *° ?n 
GH? band for ranges up to 200 il«.""»^'^   I h2 £° 
a LOS mode or in a Tropo »ode.    Secure digital m, BITE, inter- 
leaving equipment, and circuit quality monitoring capabilities 
will be incorporated.   The three sets in the family, light, med- 
ium and heavy Tropo will provide between 1 Kw to 20 Kw output 
power.    Set 1 (large) has 200 mile range, is the most capable 
family member and weighs less than 6^00 lbs.   Set 2 (medium) has 
200 mile range, and weighs less than 5000 lbs.   Set 3 (small) has 
IXE/Tropo range of lOO miles and weighs less than 3600 lbs. 

2.   Tropo Modem 

The Tropo Modem must accommodate up to 32 channels (32 Kbps chan- 
nel rate) to permit the AN/GRC-143 and AH/TBC^? Tropo terminals 
to interoperate with each other and with the new AN/GRC-XXX Tropo 
terminals.   The Modem will include the interleaving equipaent needed 
to assure transmission performance which is consistent with that 
specified in the TRI-TAC error budget. 

3.   Modification of AS/TBC-9? Using AN/TCO^ Components 

The AN/THC-97, which is in the Marine Corps and   Air Force invent- 
ories, will be modified to improve near term interservice Interop- 
erability.   The modification will accommodate the ^£pl«cing, 
combining, and line encryption equipment of the Army K» 1system 
(AH/TGC-72) to provide a 1152 Kbps digital ^J^^Äl 
ity.    It will provide for interoperability with the Army AN/GRC- 
143 and for trunking compatibility with the analog and digital 
matrix of the AN/TTC-39.   The 11* Kbps capacIty «UJ «J^ 
Zk channels PCM/TDM. 30 channels of mixed PCM/TDMg*0^«^ 
channels CVSD.    It will also Pro* «^^ 

4.    Modification «f AN/GRC-IO: 
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The existing radio assemblage will be modified to be compatible 
with   the conditioned diphase interface with the Digital Group 
Multiplexers and the AN/TTC-39.     The addition of provisions to 
facilitate remote reporting and equipment status information to 
an associated CtfCE will also be provided.    These modifications 
will provide for Phase I use of the inventory AH/GRC-103 radios 
where they are either collocated or separated up to 2 miles from 
the switch or associated CNCE.   The modified assemblage will sat- 
isfy the 36 channel, low capacity (32 Kbpe channel rate) digital 
trunking reuqirements of Phase I» 
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Table 5 

TRI-TAC Developments, Trunk 
Transmission (Space) Subsystem 

1.    TRI-TAC Small/lntermedlate/large Satellite Terminals 

The effort consists of modifying existing satellite terminals to 
provide the characteristics and network flexibility called  for in 
the system architecture.    The modifications involve reconfiguration 
of assemblages and modification of modems, combiners/decombiners, 
and addition of buffers to accommodate a variety of digital trunk 
groups used in TRI-TAC and to appropriately Interface with the 
synchronous TRI-TAC switching and control facilities.    The  system 
architecture calls for development of a small,  intermediate (HUB), 
intermediate  (SPOKE), intermediate (MESH), and a larger terminal 
for Phase I earth terminals.   All except the large terminal will 
employ 8 ft. antennas. 

2«    TRI-TAC Control Terminal 

This modification to current Army Satellite Tactical Control Ter- 
minals would permit them to be integrated into the TRI-TAC Communi- 
cations Control architecture through provisions for expanded i/o 
interface equipment to interface operator personnel with the control 
subsystem.    It will also provide for secure orderwire entry into 
each terminal. 

3.    Digital Combiner/Decombiner 
SPOKE/HUB  

This equipment will handle 2, 3,  or l* AN/TTC-39 Trunk Groups and 
provide the flexibility needed to handle a mix of different groups 
required for optimizing system connectivity.    In addition to pro- 
viding the normal tactical satellite signal processing functions, it 
will perform the group buffering required for compensation of satel- 
lite movement.    The comblner/decombiner will be  integrated into the 
control communications terminal. 

**•    Orderwire Modem (Terminal Coram/Control) 

This equipment will provide the functions associated Kith distrib- 
uting satellite system control data between the communications termi- 
nals and the control terminal.    It will be developed with the control 
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terminal orderxlre modem.   The orderwire modems developed will be 
integrated into the control communications terminals« 

5«   Orderwire Security Device 

It will likely be a modified available security device, tailored to 
fit the system orderwire concept.   A device is needed to encrypt 1he 
orderwire transmission for both the control terminal and the satel- 
lite terminals themselves»   The device will be integrated   into the 
communications and control terminals. 

6,   Universal Synchronous Multiplexer (USM) 

This family of equipments will assure efficient usage of available 
satellite capacity at those locations where analog or mixed analog 
and digital traffic must be handled and access   to an AN/TTC-39 or 
Unit Level Switchboard is not available.    It will provide for con- 
version of k kHz analog channels to 32 Kbps  digital channels   and 
for multiplexing these channels into standard TBI-TAC digital groups 
of size 4-1/2, 9,  or 18 channels.   Analog/digital trunk   groups in 
excess of 18 channels will be accommodated by combining the outputs 
of a number of USH's into a supergroup using a member of the DGM 
family.   The USM will be integrated into the small terminal and se- 
lected OlCE's. 

7.   SHF -  Manual Trunk Channel Control Facilities 

The use of FDM& during fhase I will require coordination of tacti- 
cal accesses and frequency assignments,  uplink power control,    co- 
ordination with other non-tactical satellite accesses.   Bach con- 
trol facility and each terminal operator will be able to initiate 
and coordinate the set-up of any temporary or extended period point- 
to-point and net radio circuit. 

■ Ufili 
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Table 6 1^7 
TRI-TAC Developments, Communications Control Subsystem 

1.    Communications Nodal Control Element 
(CNGE) (AN/TSQ-111 ( )  (V))  

The CNCE will provide the processing capabilities to perform nodal 
functions.    It will provide group patching, monitoring and test ca- 
pabilities, VDU/Keyboard/printer I/O and display devices.    It must 
provide for interfaces with external systems and transitional equip- 
ment.    The CNCE configurations will include existing equipment   as 
Kell as equipment that is being developed under the TRI-TAC Program. 
Each CHCE will be implemented and equipped modularly to   respond to 
the specific nodal environments in Riase I (e.g.,  expansion change 
in mix ratio).    Type I is predominantly analog, processor equipped, 
two shelters, one of whJ/to is a management shelter.   Type II is pre- 
dominantly digital, processor equipped, two shelters, one of which 
is management shelter, Type III - Equal amounts of analog and digi- 
tal,   processor equipped, one shelter, non-expandable.   Type IV - All 
digital, no internal processor but able to access remote processor, 
technical control capability, one S-250 type shelter.   The CNCE, in 
conjunction with the CSCE and CSIE, will provide increased   control 
capabilities and a near-real-time technical management capability. 
The CNCE will provide management and technical nodal control facil- 
ities to assign» monitor, control and manage resources and provide 
the interface between transmission facilities and users of the sys- 
tem. 

2.    Trunk Group Multiplex (TGM) 

The TGM will synchronously combine/decombine 2, 3 or 4 group inputs 
into and from a supergroup of maximum bit rate 4096 Kbps.   The group 
inputs Hill be of the same family of group bit rates.   It   will be 
used in conjunction with the IGM, MGH, TED and TD-660 multiplexer. 
The TGM will be used in both shelters and vans and will be mounted 
in an equipment case. 

3»    Master Group Multiplexer (MGM) 

The MGM will combine/decombine up to 12 synchronous or asynchronous 
groups or supergroups.    It will be deployed in conjunction with the 
CNCE AN/TSQ-lll and with remote ratio extension facilities.    It will 
accept bit rates from O.072 to 4.9152 mbps with output master group 
bit rates of 9.360 and 18.720 mbps.   The MGM will have provision for 
two orderwire channels, each capable    of operating   at 16 or 32 kbps 
(SKItenable).    The MGM will be used in conjunction with the LGM, TGM, 
and TED. 
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4,    Communications System Control Element 
(CSCE) (AN/TYQ-16 (  ) (V))  

Each CSCE will consist of personnel,   information processing capa- 
bilities, displays and associated facilities to perform assigned 
monitoring and control functions,   CSCE will be able to Interface 
with the AN/TTC-39 on a limited automatic basis,  and other invent- 
ory switches (e.g. TTC-30) on a manual basis.   This program together 
with the CNCE and CSH5 elements will provide a total integrated con- 
cept for near real time management functions.   The CSCE will provide 
real time monitoring and data base maintenance of communications 
network status and near real time control over the allocation and 
use of resources within a portion of a deployed tactical network.- 
Advanced development models of processor equipped CSCE6 will be 
developed in Phase I, which will supplement current manual control 
functions. 

5.    Communications System Planning Element (CSFE) 

The CSIE will provide support for maintaining a file of available 
resources, collecting, storing and updating communications require- 
ments, issuing taskings, monitoring progress in implementation and 
testing and monitoring overall system performance.   The other CSIE 
functions will be accomplished through normal staff action,  during 
Phase I,   The processor at the CSCE will be used for information 
storage and retrieval. 

6.    Short Range Wideband Radio 

This LOS multichannel radio will be used for various intrabase and 
down-the-hill employments serving as a network extension facility 
replacing the requirement for extensive cable service.    This will 
be accomplished through modifications to the existing AN/GBC-I99 
radio in the AN/GSQ-II9 assemblage and the AN/GRC-144 in the AN/- 
TRC-I38 assemblage.   i'hc modified assemblages will provide full 
duplex, multichannel links with full electric compatibility in the 
14.4-15 GHz frequency range.   They provide capacity for digital 
traffic up to 20 Mbps over paths up to 8 Km, and lO Mbps over paths 
up to 24 Km, 
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Table 7 
TRI-TAC Developments, External 

Interface Subsystem 

1. AUTOSEVOCOMÄJISB Interface Facility 

The facility will consist of a DSVT and necessary controls which 
will provide a 32 Kbps operator controlled DCS interface with loops 
from either a AN/TTC-39 or a ULSB. This will provide DSVT subscri- 
ber direct access through the ULSB on a manual basis, through an 
AUTOSEVOCOM switch where this facility would be located. 

2. NICS/NATO Interface Assemblage 

An interface shelter assemblage is required for the NICS/NATO in- 
terface. The NICS/NATO Interface is expected to be automatic, 
circuit switched and employing the Standard NATO analog electrical 
and signaling interface parameters. A modified assemblage Is re- 
quired for use when the NATO Interface point is not collocated with 
the US tactical gateway switch. It will provide the conversion of 
the standard NATO interface control signals into corresponding US 
control signals which would then be passed on via the US interface 
radio transmission link to the AN/TTC-39. 
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